Effect of salinity, sodium adsorption ratio and depth of water table on soil salinization under cropping and fallowing conditions by Saleh, Hamed Hussien
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1980
Effect of salinity, sodium adsorption ratio and depth
of water table on soil salinization under cropping
and fallowing conditions
Hamed Hussien Saleh
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, and the Agronomy and Crop
Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Saleh, Hamed Hussien, "Effect of salinity, sodium adsorption ratio and depth of water table on soil salinization under cropping and
fallowing conditions " (1980). Retrospective Theses and Dissertations. 7124.
https://lib.dr.iastate.edu/rtd/7124
INFORMATION TO USERS 
This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 
1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was posâble to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete con^'nuity. 
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame. 
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on untfl complete. 
4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department. 
5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy. 
Universi^  
Mkrdnlms 
International 
300 M. ZEEB ROAD. ANN ARBOR. Ml 48106 
18 BEDFORD ROW, LONDON WCIR 4EJ. ENGLAND 
8106049 
Saleh, Hamed Hussies 
EFFECr OF SALINITY, SODIUM ADSORPTION RATIO AND DEPTH OF 
WATER TABLE ON SOIL SALINIZATION UNDER CROPPING AND 
FALLOWING CONDITIONS 
Iowa Slate University PhJD. 1980 
University 
Microfilms 
Intern&tion&l 300N.ZeebRoad.AimArbor.MI48106 
PLEASE NOTE: 
In all cases this material has been filmed in the best possible 
way from the available copy. Problems encountered with this 
document have been identified here with a check mark . 
1. Glossy photographs 
2. Colored illustrations 
3. Photographs with dark background 
'4. Illustrations are poor copy 
5. "rint shows through as there is text on both sides of page 
6. Indistinct, broken or small print on several pages s/' 
7. Tightly bound copy with print lost in spine 
8. Computer printout pages with indistinct print 
9. Page(s) lacking when material received, and not available 
from school or author 
10. Page(s) seem to be missing in numbering only as text 
follows 
n. Poor carbon copy 
12. Not original copy, several pages with blurred type 
13. Appendix pages are poor copy 
14. Original copy with light type 
15. Curling and wrinkled pages 
16. Other 
Univers^ 
Miaoriims 
infômadonai 
-no V T=== an isqris mi iRI flfi 7fi1.47nn 
Effect of salinity, sodium adsorption ratio and 
depth of water table on soil salinization 
under cropping and fallowing conditions 
by 
Haxned Hussien Sal eh 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department; Agronomy 
Major: Soil Management 
Approved: 
In Charge of Major Work 
For the Major Department 
For the Graduate College 
lova State University 
Ames, Iowa 
1980 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
REVIEW OF LITERATURE 4 
Effect of Salinity and Sodium Adsorption Ratio 
of Shallow Groundwater on Salinization of Soil 4 
Upward flow from shallow water tables 4 
Salinization problem and its nature 22 
Composition of water table and its relation 
to the salinization problem 24 
MATERIALS AND METHODS 27 
Methods of Analysis 31 
RESULTS AND DISCUSSION 33 
Water Consumption 33 
Salt Distribution 34 
Soluble Calcium Plus Magnesium 42 
Soluble Sodium 50 
Sodium Absorption Ratio 56 
Exchangeable Sodium 60 
Relation Between Soil pH Values and 
Exchangeable Cations 69 
SUMMARY AND CONCLUSIONS 75 
LITERATURE CITED 79 
ACKNOWLEDGMENTS 82 
APPENDIX 83 
iii 
LIST OF TABLES 
Page 
Table 1. 
Table 2. 
Table 3. 
Table 4. 
Table 5. 
Table 5. 
Table 7, 
Table 8. 
Table 9. 
Table lO. 
The chemical and physical properties of 
the original soil 
Water consumption from varying salinity 
levels of groundwater under varying soil 
depths and cropped and fallowed conditions 
Average total soluble salts content and 
EC X l0"3 values of soils under cropped and 
fallowed conditions with groundwater table 
at 50 cm and high salinity level (SAR = 11) 
Average total soluble salts content and 
EC X 10"3 values of soils under cropped and 
fallowed conditions with groundwater table 
at 50 cm and low salinity level (SAR = 25) 
Average total soluble salts content and 
EC X i0~3 values of soils under cropped and 
fallowed conditions with groundwater table 
at 75 cm and high salinity level (SAR =11) 
Average total soluble salts content and 
EC X 10~3 values of soils under cropped and 
fallowed conditions with groundwater table 
at 75 cm and low salinity level (SAR = 25) 
Analysis of variance of soluble salt data 
+2 +2 Average soluble Ca ~ + Mg " ~ in soils 
under cropped and fallowed conditions with 
groundwater table at 50 cm depth and high 
salinity level (SAR = 11) 
+2 +2 Average soluble Ca " + >ig'~ in soils 
under cropped and fallowed conditions with 
groundwater table at 50 cm depth and low 
salinity level (SAR = 25) 
Average soluble Ca*^ + Mg+2 in soils 
under cropped and fallo-wêd conditions with 
groundwater table at 75 cm depth and high 
salinity level (SAR = 11) 
30 
34 
36 
36 
37 
37 
41 
43 
43 
46 
46 
49 
51 
51 
54 
54 
57 
58 
58 
59 
iv 
Average soluble Ca"*" + Mg in soils 
under cropped and fallowed conditions with 
groundwater table at 75 cm depth and low 
salinity level (SAR =25) 
Analysis of variance of soluble calcium 
plus magnesium data 
Average soluble sodium (Na*) in soils 
under cropped and fallowed conditions and 
with groundwater table at 50 cm depth and 
high salinity level (SAR = 11) 
Average soluble sodium (Na"*") in soils 
under cropped and fallowed conditions and 
with groundwater table at 50 cm depth and 
low salinity level (SAR = 25) 
Average soluble sodium (Na*) in soils 
under cropped and fallowed conditions and 
groundwater table at 75 cm depth and high 
salinity level (SAR =11) 
Average soluble sodium (Na*) in soils 
under cropped and fallowed conditions and 
groundwater table at 75 cm depth and low 
salinity level (SAR =25) 
Analysis of variance of soluble sodium 
data 
Average sodium adsorption ratio in 
soil solution of soils under cropped and 
fallowed conditions with groundwater table 
at 50 cm and high SAR 
Average sodium adsorption ratio in soil 
solution of soils under cropped and 
fallowed conditions with groundwater table 
at 50 cm and low SAR 
Average sodium adsorption ratio in 
soil solution of soils under cropped and 
fallowed conditions with groundwater table 
at 75 cm and high SAR 
V 
Page 
Table 21. Average sodium adsorption ratio in 
soil solution of soils under cropped and 
fallowed conditions with groundwater table 
at 75 cm and low SAR 59 
Table 22. Analysis of variance of sodium adsorption 
ratio in soil solution data 61 
Table 23. Average exchangeable sodium in soils 
under cropped and fallowed conditions and 
groundwater table at 50 cm depth and high 
salinity level (SAR =11) 62 
Table 24, Average exchangeable sodium in soils 
under cropped and fallowed conditions and 
groundwater table at 50 cm depth and low 
salinity level (SAR =25) 62 
Table 25. Average exchangeable sodium in soils 
under cropped and fallowed conditions and 
groundwater table at 75 cm depth and high 
salinity level (SAR =11) 65 
Table 26. Average exchangeable sodium in soils 
under cropped and fallowed conditions and 
groundwater table at 75 cm depth and low 
salinity level (SAR =25) 65 
Table 27. Analysis of variance of exchangeable 
sodium data 68 
Table 28. Average changes in exchangeable cations 
(meq/lOO g) and soil pJî values of soils 
under cropped and fallowed conditions and 
with high salinity groundwater tables 
at 50 cm depth 70 
Table 29. Average changes in exchangeable cations 
(meq/lOO g) and soil pH values of soils 
under cropped and fallowed conditions and 
with low salinity groundwater table at 
50 cm depth 72 
Table 30. Average changes in exchangeable cations 
(meq/lOO g) and soil pH values of soils 
under cropped and fallowed conditions and 
with high salinity groundwater table at 
75 cm depth 72 
vi 
Page 
Table 31. Average changes in exchangeable cations 
(meq/lOO g) and soil pH values of soils 
under cropped and fallowed conditions and 
with low salinity groundwater table at 
75 cm depth 73 
Table 32. Data of soil profiles 50-cm depth under 
fallowing condition and low salinity 
groundwater table 84 
Table 33. Data of soil profiles 50-cm depth under 
cropping condition and low salinity 
groundwater table 87 
Table 34. Data of soil profiles 50-cm depth under 
cropping condition and high salinity 
groundwater table 90 
Table 35. Data of soil profiles 50-cm depth under 
fallowing condition and high salinity 
groundwater table 95 
Table 36. Data of soil profiles 75-cm depth under 
fallowing condition and low salinity 
groundwater table 96 
Table 37. Data of soil profiles 75-cm depth under 
cropping condition and low salinity ground­
water table 99 
Table 38. 
Table 39. 
Data of soil profiles 75-cm depth under 
fallowing condition and high salinity 
groundwater table 
Data of soil profiles 75-cm depth under 
cropping condition and high salinity 
groundwater table 
102 
105 
Table 40. Salt solution (SAR=11) added to maintain 
the constant groundwater level under cropped 
and fallowed conditions with the groundwater 
table at 50 cm 108 
vii 
Page 
Table 41. Salt solution (SAR=11) added to maintain 
the constant groundwater level under cropped 
and fallowed conditions with the groundwater 
table at 75 cm 109 
Table 42. Salt solution (SAR=25) added to maintain 
the constant groundwater level under 
cropped and fallowed conditions with the 
groundwater talbe at 50 cm 110 
Table 43. Salt solution (SAR=25) added to maintain 
the constant groundwater level under cropped 
and fallowed conditions with the groundwater 
table at 75 cm 111 
Table 44. Average dry matter of sudangrass produced 
under the different treatments 112 
viii 
LIST OF FIGURES 
Page 
Flow diagram for the movement of water 
and salt in a soil with a shallow water 
table as water evaporates, salt accumu­
lates at the surface and diffuses downward 
in response to the concentration gradients 
that develop (from Doering, 1963) 5 
Time sequence of soil solution concentra­
tion as a function of depth that results 
from the steady evaporation of water from 
soil in the presence of a saline water 
table and the downward diffusion of salt 9 
The evaporation rate, E, as a function of 
the evaporativity, EP, according to 
(a) Gardner and Fireman (1958); (b) Staley 
(1957); (c) Schleusener (1958); and 
(d) Hillel (1968); the numbers indicate the 
water table depth in cm 17 
Average total soluble satis content in 
soils under cropped and fallowed condi­
tions with groundwater table at 50 cm: 
(a) high salinity level (SAR=11) and 
(b) low salinity level (SAR=25) 38 
Average total soluble salts content in 
soils under cropped and fallowed conditions 
with groundwater table at 75 cm: (a) high 
salinity level (SAR=ll) and (b) low 
salinity level (SAR=25) 39 
Average soluble Ca*^ + Mg"*"^ in soils 
under cropped and fallowed conditions with 
groundwater table at 50 cm depth: (a) high 
salinity level (SAR=11) and (b) low salinity 
level (SAR=25) 44 
Average soluble Ca*^ + Mg*^ in soils 
under cropped and fallowed conditions with 
groundwater table at 75 cm depth: (a) low 
salinity level (SAR=25) and (b) high 
salinity level (SAR=ll) 48 
ix 
Page 
Figure 8, 
Figure 9. 
Figure 10. 
Figure 11. 
Average soluble Na in soils under 
fallowed and cropped conditions and 
groundwater table at 50 cm depth: 
(a) high salinity level (SAR=11) and 
(b) low salinity level (SAR=25) 52 
Average soluble Na"*^ in soils under 
cropped and fallowed conditions and 
groundwater table at 75 cm depth; 
(a) high salinity level (SAR=ll) and 
(b) low salinity level (SAR=25) 55 
Average exchangeable sodium (meq/lOO g) 
in soils under cropped and fallowed condi­
tions at water table depth of 50 cms 
(a) high salinity (SAR=ll) and (b) low 
salinity (SAR=25) 63 
Average exchangeable sodium in soils 
under cropped and fallowed conditions at 
groundwater table depth of 75 cm: (a) high 
salinity level (SAR=ll) and (b) low 
salinity level (SAR=25) 65 
1 
INTRODUCTION 
Historical facts about irrigation agriculture and its 
decline or failure in many lands have led many authorities to 
question the permanence of profitable irrigation agricult-ore. 
In Egypt, for example, many soils which were highly produc­
tive under ancient systems of irrigation are now largely 
abandoned. The question of permanence of irrigation agricul­
ture is becoming of great concern mainly because of the im­
portance of such agriculture in feeding the present population 
and because of the rapid increase in the world population, 
especially in those countries where irrigation is an essen­
tial practice. While all the factors responsible for decline 
and failure of crop production in many irrigated areas are 
still not clearly tanderstood, it is apparent that soil 
salinity is a major factor. 
An important mechanism by which soils become saline is 
the upward movement of saline ground water and its subsequent 
transpiration and/or evaporation at the soil surface. To 
minimize the rate of salt accumulation and thus reduce the 
salinity hazard, attempts are usually made to lower the water 
table by pumping or by installation of drains. In order to 
determine what depth to water table should be maintained, the 
relation between depth to water table, soil properties, 
évapotranspiration rate and/or evaporation rate must be known. 
This information is also desirable when estimating water loss 
2 
from soils by évapotranspiration or by evaporation only and 
estimating the amount of ground water available to plants 
due to the upward movement of water from a water table. Only 
a few data are available on actual rates of évapotranspiration 
or evaporation from soils in which there is a water table. 
Generally, the salts in soils can move only with soil 
water. Soil moisture in arid and semiarid regions is 
replenished by irrigation with water containing appreciable 
amounts of soluble salts, or by the upward movement of more 
or less saline ground water. In both cases, soluble salts 
are added to the soil and usually the salinity problem is 
associated with high water tables. 
Field studies involving genesis and reclamation of salt-
affected soils present serious experimental difficulties, 
and it has been exceedingly difficult to artificially produce 
saline soils in the laboratory that are similar to such soils 
as they exist in the field. Also, the alternate crop-summer 
fallow system has been widely adopted as a common practice of 
dryland farming in Canada and the United States, but aspects 
of soil salinization under crop and fallow conditions of 
arid and semiarid climates are far from being fully under­
stood. Research is needed to determine whether the summer 
fallow can be a cause of soil salinization. 
In the present study, saline soils were produced experi­
mentally in the greenhouse under conditions simulating field 
situations. Saline solutions were introduced into specially 
3 
constructed soil bins in such a way as to allow movement of 
salts and solution to take place under fallow and crop 
conditions. 
The study was designed to evaluate: 
1. The effect of groundwater table depth and its 
salinity on the salinization of soil and distribution 
of exchangeable and soluble ions resulting from 
evaporation (fallowed soil) or évapotranspiration 
(cropped soil) of saline solutions. 
2. The effect of sodium adsorption ratio in groundwater 
table at different depths and under crop and fallow 
conditions on the nature of salinization of soil and 
distribution of exchangeable sodium in the soil. 
3. The nature of water - salt movement in cropped and 
fallowed soil in relationship to soil salinization. 
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REVIEW OF LITERATURE 
Effect of Salinity and Sodium Adsorption Ratio of 
Shallow Groundwater on Salinization of Soil 
Upward flow from shallow water tables 
Theory The following theoretical considerations have 
been well understood for the past two decades. The principle 
of mass conservation combined with the Darcy equation leads 
to the following nonlinear partial differential equation for 
one-dimensional vertical flow systems under isothermal condi­
tions: 
CW # = 1 k(h) % + ^  (X) 
where h = h(Z,t) is the pressure head of the soil water, Z 
the position positive upwards and t the time; C(h) is the 
water-holding capacity d6/ôA, k(h) the hydraulic conductivity 
function. The medium is assumed to be uniform so that the 
water-holding capacity and conductivity function are indepen­
dent of position (Gardner, 1958), 
To predict the behavior of a flow system, equation 1 
must be solved for appropriate boundary and initial conditions. 
If the boundary conditions are kept constant, the flow system 
will eventually reach a steady state. The partial derivative 
with respect to time vanishes and equation 1 is reduced to the 
ordinary differential equation: 
I^C^Ch) ism , 0 
5 
which •upon integration leads to 
k(h) + k(h) = -A (2) 
Equation 2 is simply Darcy's equation so that the constant of 
integration. A, is the volumetric flux, Q, of the soil solu­
tion. Hence, 
Q = -k(h) - k(h) (3) 
If one is interested in the steady state flux and salt 
accumulation, the flow system is shown schematically in 
Figure 1 (Doering, 1963). Flow is upward in the Z direction 
which represents the depth from the soil surface to the water 
table and C is the salt concentration in the groundwater 
which enters the bottom of the soil column. The rate at which 
salt enters the profile from below, dF/dt, is given by 
dF/dt = Cqi (4) 
where qi is the volume rate of inflow of water from the water 
table. Since the salt remains in the soil when the water 
evaporates from the surface, there is an accumulation of salt 
in the profile. The change in salt content, AF, between 
times t^ and t^ is 
S t 
A F =  S DF = C f qidt (5) 
^1 ^1 
where C is constant. 
The continuity principle requires that inflow minus 
outflow must equal storage. This applies for both salt and 
water. For water 
6 
Salt by diffusion 4 
Evaporation 
Soil surface 
Salt water 
Salt water 
Water table 
Figure 1. Flow diagram for the movement of water and salt 
in a soil with a shallow water table as water 
evaporates, salt accumulates at the surface and 
diffuses downward in response to the concentra­
tion gradients that develop (from Doering, 1963) 
7 
V. = Vg (6) 
where V is expressed in units of volume per unit area, and the 
subscripts i, E and S denote inflow, outflow by evaporation, 
t 
and storage, respectively. But V = / q dt, then 
4 
t t 
/ q. dt = X q dt + / q dt (7) 
If 9 is the average water content of the soil column in milli­
liters per unit volume, the amount of water stored between 
t^ and t2 is 
to t 
Z / ^  de = / ^  qç dt (8) 
After substituting equation 5 and 8 into 7, differentiating, 
and rearranging terms we have 
% = è If - ^ i (5) 
where q^ is the volume rate of evaporation per unit cross-
sectional area. 
Steady flow will result when the flow is controlled by 
the capacity of the soil to transmit water upward if the water 
table depth remains constant such as in this work. Under 
conditions of no transpiration, the rate at which water flows 
upward will be the same at all depths in the profile, whether 
the profile is homogenous or composed of layers of different 
textures. For steady flow throughout the profile, d0/dt = 0, 
and the last term in equation 9 vanishes. 
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As evaporation and/or évapotranspiration progresses, 
the salts which are transported upward concentrate at or near 
the surface, and concentration gradients develop which cause 
salt to move downward against the liquid flow by molecular 
diffusion. As time progresses, the salt concentration in the 
soil solution incieasfec at greater and greater depths in the 
profile as a result of that molecular diffusion (shown by the 
time sequence in Figure 2). Even though the initial salt con­
centration in the water entering the profile from below is 
constant, the concentration gradient at a particular depth 
will increase with time unless precipitation of salt occurs. 
It is conceivable that the rate of salt movement downward 
by molecular diffusion could eventually equal the rate of 
transport upward by liquid flow, and no further salt accumula­
tion would occur anywhere in the profile. 
Figure 2 also points up the hazard of using the salt con­
centration in the soil solution at some relatively shallow 
depth Z^, instead of using the salt concentration in the 
groundwater to estimate evaporation at the surface from mea­
sured salt accumulation above Z^. Except for a short time 
after the upward flow is initiated, the salt concentration in 
the soil solution at Z^ increases with time, even though the 
amount of salt entering the system from the water table re­
mains constant. As a result, the evaporation rate tends to be 
underestimated. 
If we so select Z^ that evaporation actually occurs at 
9 
Soil surface 
DEPTH 
t 
/ 
/ 
/ 
/ 
Water table 
CONCENTRATION 
Figure 2. Time sequence of soil solution concentration as a 
function of depth that results from the steady 
evaporation of water from soil in the presence of 
a saline water table and the downward diffusion 
of salt 
10 
depths less than Z^, we can esqjress the rate of salt accumula­
tion in the layer above by solving equation 9 for dF/dt 
and adding a term to account for the downward diffusion of 
salt to Z^. Hence, 
g = Cqj, + CZi # * Dg § I (10) 
1 
where is the effective coefficient of molecular diffusion 
(cm /day) and takes into account the coefficient of molecular 
diffusion for the salt in aqueous solution, the water content 
of the soil, the tortuosity of the diffusion path, the vis­
cosity of the solution, etc.; q^ is the evaporation rate 
(cm/day), dB/dZ is the concentration gradient (meq/ml cm) in 
the solution at Z^, C is the salt concentration in the ground-
water (meq/cm ), and d8/dt is the rate of change of the aver­
age water content (ml/cm^*day) in the soil above depth Z^ 
(depth increases in the downward direction). After trans­
posing terms and expressing the derivatives as differences, 
equation 10 becomes 
^1 
can be experimentally established, and all of the remaining 
quantities on the right can be evaluated under field condi­
tions, thus giving a measure of the evaporation rate (Doering, 
1963). 
Shallow groundwater Of the major components of salt 
balance, the shallow groundwater can play a decisive role in 
11 
developing an unfavorable salt balance and root environment. 
That role is related to the salt content and composition, to 
the depth and fluctuation of the groundwater, and to the soil 
characteristics, water and soil management practices, toler­
ance of plants to waterlogging and salinity, and climate. 
Although man, through misuse of water and soil resources, is 
quite often the creator of the shallow water table, natural 
seepage and artesian flows are also sometimes involved. All 
these factors should be considered in monitoring and predict­
ing salinity due to the shallow groundwater. In this regard, 
the term "critical water table depth" is often mentioned and 
considered as the level above which water rising by capillarity 
will cause salinization of the arable soil horizons. Kovda 
(1973) relates this critical depth to the salt content of 
the groundwater in the arid zone and areas provided with 
irrigation and drainage as, respectively, being 2-2.5 m when 
the salt concentration is 10-15 g/liter, and 1-1.5 m for a 
less mineralized groundwater, 1-2 g/liter. 
The critical depth for a given upward flux (q) can be 
calculated provided the relations between soil moisture ten­
sion, hydraulic conductivity, and soil moisture content are 
known. Some critical depth values (Z ) for illustrative 
soil parameters were calculated by Van Schilfgaarde (1975) and 
found to be 75-100, 175-200 and 90-120 cm for loam, fine sandy 
loam and sandy soils, respectively. When considering these 
values in monitoring and forecasting investigations, the depth 
12 
at which q is maintained should be estimated and added to IQâX 
the critical depth to obtain the theoretical depth to water 
table. 
For bare soils, the critical depth coincides with the 
depth from the soil surface to the water table but for cropped 
soils, the critical depth should be taken below an estimated 
active root zone (Massoud, 1976). The significance of the 
depth to water table comes from its influence on the capillary 
rise; the shallower the depth the higher the contribution of 
the groundwater to salinization will be. Generally, the de­
creasing trend of the maximum capillary rise in various uni­
form soils under a given evaporative demand follows the 
descending order, sandy loam, loam, clay loam and clay, 
medium and coarse sand. 
In many field situations and in particular for alluvial, 
stratified soils, the critical depth as calculated for homo­
geneous soils may have a limited application. The solution 
given by Varallyay (1974) to the problem of upward unsaturated 
flux in layered soils indicates that upward capillary flux de­
pends largely on the hydraulic conductivity and the thickness and 
sequence of horizons. Where the stratification conditions per­
mit high hydraulic conductivity near the water table and low hy­
draulic conductivity far from it, as in clay over sand, the up­
ward capillary flux will increase. When monitoring water table 
level as a source of salinity,one has to consider its cyclic 
nature and, therefore, information on the fluctuation cycle after 
13 
irrigation and other seasonal variations should be obtained. 
As to the rate of accumulation of soluble salts due to 
upward movement of groundwater, it can be obtained by multi­
plying the salt concentration of this water by the evapora­
tion and évapotranspiration rates. 
Evaporation studies Most workers tested the theory 
experimentally by means of evaporation studies. Some intro­
ductory remarks seem warranted before presenting the results 
reported in the literature. 
The pressure head at the soil surface was neither mea­
sured nor controlled directly in most evaporation studies. 
The pressure head was the resultant of the combined effects 
of the water table depth, the soil conductivity function and 
the evaporative conditions. The evaporative conditions were 
expressed quantitatively as the potential évaporâtivity, 
which was defined as the integrated effects of the relative 
humidity, the air temperature, the air circulation, and the 
incident radiation on the evaporation rate from a free water 
surface. The evapor at ivity was then used as a convenient refer­
ence with which the actual evaporation rates from soil columns 
with a water table at a given depth were compared. 
A second remark concerns the limitations to the evapora­
tion studies. The upward flux through a soil column is closely 
related to the evapo rat ivity as long as the soil surface re­
mains wet. An increase in the evaporativity causes a corre­
sponding increase in the upward flux in this situation. 
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There are, of course, physical limitations to the evapora-
tivity that can be established by varying the external condi­
tions. If the soil surface remains wet even under the highest 
evaporativity, a limiting flux is not obtained for that 
particular water table depth. Therefore, the evaporation 
studies are necessarily restricted to relatively deep water 
tables if one wants to obtain a limiting flux. Otherwise, 
the upward flux is determined by the evaporativity rather 
than the soil properties. 
Buckingham (1907) probably was the first to study the 
evaporation from a soil in contact with a water table. He 
investigated the steady rate of evaporation from two soils 
under what he termed "arid" conditions (high evaporativity) 
and under "humid" conditions (low evaporativity). He ob­
served that the rate under the humid conditions was higher 
than under the arid conditions. This confirmed his a priori 
reasoning that under the arid conditions a dry surface layer 
was formed which protected the soil from losing moisture 
rapidly. He reasoned that water movement through the dry 
surface layer was in the vapor phase only. 
One of the early attempts to describe mathematically 
the roles of the water table depth, the pressure head at the 
soil surface, and the conductivity function of the soil was 
made by Remson and Fox (1955). They were able to obtain a 
closed solution to the equation 
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where L and h^ are the depth to the water table and the pres­
sure head at the soil surface, respectively, by assuming a 
linear relation between the conductivity and the pressure 
head over the range from zero to 600 cm. From the solution, 
they computed the upward flux as a function of the water table 
depth for pressure heads at the soil surface of -330 and -590 
cm, respectively. They thought that their analytical solution 
to the above equation was applicable only for relatively wet 
soil surface conditions since for pressure heads beyond -600 
cm, the assumption of a linear relation between k and H would 
no longer be justified. However, the assumption seems to be 
rather unrealistic even for the pressure head range from 
zero to -500 cm. 
Gardner (1958) gave a more complete mathematical analysis 
of the problem and included consideration of the effect of 
vapor movement in the upper soil layers. He concluded that 
the theory should still apply even when the soil surface be­
comes air-dry. His concepts were tested experimentally by 
Gardner and Fireman (1958). In a first experiment, they mea­
sured the evaporation rate from three different soils under 
conditions of increasing evaporativity. A water table was 
maintained at 60 cm depth and the evaporativity was varied 
by changing the air circulation and the amount of incident 
radiation on top of the soil columns. The evaporativity was 
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measured simultaneously with a similar column filled with 
water. The results are shown in Figure 3a, where the observed 
evaporation rate is plotted as a function of the evaporativity. 
Gardner and Fireman concluded that the evaporation rates from 
the soil columns reached a limiting value as the evaporativity 
was increased sufficiently. This observation was in qualita­
tive agreement with the theory. A quantitative comparison 
between the predicted and observed fluxes was not possible 
since no data concerning the conductivity functions of the 
three soils were available. They did compare the predicted 
and observed limiting fluxes for two other soils in a second 
experiment. The conductivity functions for these soils were 
known so that a quantitative comparison was possible. The 
steady evaporation race was measured for a series of water 
table depths under conditions of constant evaporativity. 
Agreement between predicted and observed fluxes was fairly 
good for all water table depths for one soil. For the other 
soil, agreement was acceptable only for a relatively deep 
water table, while the observed fluxes were considerably 
lower than predicted for relatively shallow water tables. 
They assumed this to be caused by the fact the soil surface 
remained too wet to obtain limiting flux conditions. 
Staley (1957) investigated the rate of evaporation from 
a sand column for various water table depths. The steady 
rate of evaporation was measured for each water table depth 
under conditions of increasing evaporativity. The évapora-
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Figure 3. The evaporation rate, E, as a function of the 
evaporativity, EP, according to (a) Gardner and 
Fireman (1958); (b) Staley (1957); (c) Schleusener 
(1958); and (d) Hillel (1968); the numbers indi­
cate the water table depth in cm 
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tivity was controlled by the wind velocity over the top of 
the column and measured as the evaporation rate from a similar 
column of sand in which a water table was maintained at the 
soil surface at all times. No radiation was used and the air 
temperature and relative humidity were not controlled. Staley 
also measured the pressure head and temperature profiles in 
the columns. The most important results obtained by Staley 
are shown in Figure 3b. He concluded that the evaporation rate 
was positively correlated with the evaporativity. This ob­
servation was in qualitative agreement with the theory. How­
ever, he could not compare the predicted and observed fluxes 
quantitatively since he had no reliable conductivity data 
for the sand. The tensiometers indicated no hydraulic gradi­
ents of significance, even under the highest evaporativity and 
for the largest water table depth. Staley attributed this to 
the fact that his experiments were limited to relatively 
shallow water table depths that caused the sand to remain wet 
even in the region of the upper tensiometers. The temperature 
profiles clearly showed the cooling effect of the evaporation 
from the soil surface. The cooling was larger in the column 
from which the evaporativity was measured. This was to be 
e>:pected because of the higher rates of evaporation from that 
column. 
Schleusener (1958) further developed Staley's experiments 
by investigating the roles of the relative humidity, the air 
temperature, and the incident radiation in addition to the 
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effect of the air circulation. He conducted experiments 
with three different soils and for various water table depths. 
The soil columns were subjected to a sequence of nine evapora­
tive conditions of increasing intensity. The nine evaporativi-
ties were obtained by varying the combinations and intensities 
of the external factors. 
The evaporation experiment for each water table depth was 
started with an initially fully saturated column which was 
drained to static equilibrium with a water table at a given 
depth. Each evaporativity was maintained for three days and 
the average rate of evaporation was measured for each 24-hour 
time interval. The pressure head distribution along the 
column was not measured. 
The results for one of Schleusener*s three soils are 
shown in Figure 3c where the average rate of evaporation for 
the three-day period is plotted as a function of the evapora­
tivity. The results for the other two soils were qualitative-
the same. Figure 3c shows that the upward flux increased 
with increasing evaporativity for a water table depth of 30 
cm. For the two deeper water tables, the flux increased, 
reached a maximum, and then decreased as the evaporativity 
was increased, Schleusener was puzzled by this observation 
since it was not predicted by the existing flow theory. He 
considered thermally induced downward movement of water in 
the vapor phase as a possible explanation since temperature 
gradients were quite large in this experiment due to the use 
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of radiation. The results of an additional experiment showed 
that elimination of a radiant energy source did not restore 
the evaporation rate to the original rate that existed prior 
to the application of the radiant energy. Schleusener con­
cluded from this that a temperature gradient did not provide 
a complete explanation for the inverse relation between the 
evaporativity and the evaporation rates from soils in contact 
with a water table. 
Schleusener then considered another possible e3q>lanation 
involving hysteresis. This hysteresis hypothesis is discussed 
in detail by Schleusener and Corey (1959), and is subjected 
to an analysis later on in this section. The basic idea was 
that by increasing the evaporativity, a point would be reached 
where the rate at which water lost from the soil surface 
layer by evaporation would exceed the rate at which water 
could be supplied from below. Thereafter, the transfer of 
water to the soil surface would have to take place by a 
process of imbibition. 
Hillel (1968) also measured the rate of evaporation as 
a function of the water table depth and the evaporativity. 
The air circulation over the top of the soil columns was 
varied to obtain different evaporative conditions. The ex­
periments were conducted in a constant temperature environ­
ment and no radiant energy source was used. The steady rate 
of evaporation from two soils, a sand and a loess-derived soil 
was measured for different water table depths under conditions 
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of increasing evaporativity. 
Hillel's results, shown in Figure 3d for the loess, in­
dicate that he also found an inverse relationship between the 
evaporation rate and the evaporativity. He considered gradual 
changes in the conductivity function caused by salt accumula­
tion near the soil surface, changes in the soil structure, 
and what he termed changes in the upper boundary condition 
as possible explanations. He discarded the salt effect as 
an explanation and promoted the idea that the gradual drying 
of the soil surface zone in effect created a two-layer condi­
tion. Water movement across the dry surface layer would then 
be in the vapor phase only. 
Hillel determined the conductivity function for the sand 
and the loess on separate samples and computed the limiting 
flux as a function of the water table depth. A comparison 
between the predicted and observed fluxes showed reasonable 
agreement for the deeper water tables. The observed fluxes 
were considerably lower than predicted for the shallow water 
tables. 
Evapotranspiration studies Through évapotranspiration, 
ET, water is transferred from the soil and plants to the at­
mosphere, leaving salts behind. In bright sunshine, warm 
weather, and low relative humidity, as in arid and semi-arid 
regions, the opportunity for évapotranspiration is high and, 
consequently, so is soil salinization. The applicability of 
the solution given by Gardner (1958) to the unsaturated flow 
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equation has proved to be valid in the presence of plant 
roots (Massoud, 1964; Manor, 1974), 
The major effect from évapotranspiration on moisture 
and salt patterns occurs with irrigation in the presence of 
a water table. Elgabely and Naguib (1965) showed that the 
water table depth and salinity together with the irrigation 
regime for a given crop rotation are important factors that 
modify the salinity pattern resulting from évapotranspiration 
and capillary rise. Evapotranspiration from a cropped area 
is, in general, highly dependent on the soil characteristics, 
mainly those affecting its water content, transmission to the 
evaporative or absorptive sites and subsequent loss to the 
atmosphere. As to the plant characteristics, the most sig­
nificant is the degree of plant cover which is related to its 
stage of growth and cultural requirement. 
Salinization problem and its nature 
Salt-affected soils have excessive concentrations of 
soluble salts. The original sources of these salts are the 
exposed rocks and minerals of the earth's crust. The soluble 
constituents (salts) are gradually released as a result of 
chemical decomposition and physical weathering. In humid 
areas these soluble salts are carried downward through the 
soil profile by rain, and ultimately are transported by 
streams to the oceans. In arid regions, however, leaching 
(washing salts out of the soil) may be local and the 
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soluble salts may not be transported far because of the 
relative scarcity of rainfall. Also, the high evaporation 
and transpiration rates characteristic of arid climates tend 
to decrease the limited amount of water available for leaching 
and transporting salts. 
Salts also may be imported into an area via irrigation 
water. Most irrigation waters, whether derived from springs, 
streams, or pumped from wells, contain appreciable quantities 
of soluble salts. Therefore, wherever irrigation water is 
used, it may be the major source of the soluble salts that 
give rise to salinization problems. 
Restricted drainage is a factor that usually contributes 
to the salinization of soils and may involve the presence of 
a high groundwater table or low permeability of the soil. 
The high groundwater table is often related to topography. 
Control of the depth of the water table is necessary in addi­
tion to passing and removing the required amount of water 
from the root zone. The water table must be at a depth suffi­
cient to permit adequate aeration in the crop root zone and to 
allow the required farming operations to be carried out on 
the land surface. Control of the water table at a suitable 
depth also minimizes the salinization problem of the soil 
that occurs as a consequence of upward movement of water and 
salts from a water table. 
Between irrigations, or during periods when the land is 
idle, groundwaters move upward by capillarity, and the salts 
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they carry are deposited in the surface soil as a resiolt 
of evaporation. The rate of upward movement of water has 
been expressed as an inverse exponential function of depth 
to the water table (Gardner, 1958), As shown in equation 9, 
Doering et al. (1964) found a differential between the net 
rates of salt movement and water movement upward from a water 
table because of downward diffusion of salts in response to 
a concentration gradient. The salts generally accumulate in 
a relatively shallow depth of the surface soil. This depth 
bas been shown to be <15 cm for a fine sandy loam (Richards 
et al., 1955), and <30 cm in a silty clay (Doering et al., 
1964). 
Composition of water table and its rci a-hinji to the 
salinization problem 
In Yugoslavia, the intensity of soil salinization is 
determined by the water table level and its chemical composi­
tion (Zivkovic, 1976). Because of sodium effect on the soil 
and plant, sodium is considered one of the major constituents 
in water table. Scofield (1936) and Magistad and Christian­
sen (1944) considered water with sodium percentage 60% or 
more to be harmful. The sodium hazard, as determined by the 
percent sodium in the irrigation water, should be reflected 
in the exchangeable sodium percentage (ESP) of the soil. 
However, in research conducted in western Texas, no correla­
tion has been found between the sodium percentage in the 
water and the exchangeable sodium percentage of the soil 
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(Longenecker and Lyerly, 1958), 
A value that has come into wide use in predicting the 
sodium hazard of water is the sodium adsorption rate (SAR) 
proposed by the U.S. Salinity Laboratory (1954). The classi­
fication of water according to sodium adsorption ratio is 
also related to total salt content of the water and the range 
is divided into four groups: low, medium, high, and very 
high. For an electrical conductivity of 100 micromhos/cm, 
the dividing points are at SAR values of 10, 18 and 26 and 
with an increase in salinity to 750 micromhos/cm, the divid­
ing points are at SAR values of 5, 10 and 18. This relation­
ship represents the relative activity of the sodium ion in 
the cation exchange reaction with the soil and is derived 
from the classical Capon equation. The validity of the 
sodium hazard prediction may be confirmed by examining the 
relationship between the SAR and the ESP of the soil. In 
general, a good correlation has been found between the ESP 
as calculated from the SAR value and the ESP as determined 
experimentally. However, Durand (1958) found large differ­
ences between calculated and determined values of ESP of 
soils in Algeria. 
It seems, then, that the water table composition and 
its depth have a major part in salinization of soils. Large 
areas of irrigated soils in the Nile Delta and Valley suffer 
from salinity resulting from the presence of saline ground-
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water tables near the surface. Therefore, the effect of 
water table depth and its composition has been studied in the 
present investigation. 
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MATERIALS AND METHODS 
The shape of the soil columns, and consequently that of 
the contained soil, was chosen in an attempt to study the 
upward movement of saline groundwater and its subsequent 
evaporation at the soil surface, the mechanism by which 
soils become saline. Also, waters are classified on the 
basis of electrical conductivity (EC) and the sodium adsorp­
tion ratio (SAR). Therefore, the nature of water-salt move­
ment from a water table in cropped and fallowed soil columns 
in relation to soil salinization was studied in soil columns 
in the greenhouse. 
Wire and wooden columns were constructed and lined with 
clear water-tight plastic sheets to hold the soil. A sheet 
of plastic screen was bound with a string on the lower end. 
The dimensions of soil columns, 30 x 30 x 50 cm and 30 x 30 
X 75 cm, were chosen in an attempt to study the effect of 
depth and salt concentration of groundwater on salinization 
of soil under both cropping and fallow conditions. The lower 
ends of the soil columns were placed in wooden basins lined 
with plastic sheets to prevent water loss to the ground be­
neath the system. To prevent evaporation, the groundwater 
system was covered with a plastic sheet. 
The 32 soil columns thus prepared were arranged side by 
side in the greenhouse. The whole experiment was covered by 
a plastic sheet scaling about 4.5 meters in height to prevent 
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penetration of rainfall from the greenhouse top. 
The four treatments, consisting of conditions of cropping, 
varying concentrations of salt (CaClg + NaCl) and sodium ad­
sorption ratio in the ground and varying groundwater depths, 
were as follows: 
One treatment of 0.23% salt (SAR = 25) and 
soil column depth 50 cm 
Second treatment of 0,23% salt (SAR = 25) and 
soil column depth 75 cm 
Third treatment of 0.684% salt (SAR = 11) and 
soil column depth 50 cm 
Fourth treatment of 0.684% salt (SAR = 11) and 
soil column depth 75 cm 
The crop consisted of 50 plants per soil column of 
sudangrass. 
Another four treatments as above were under a fallowed 
condition. The treatments were arranged side by side in four 
replications, then the experimental design was 2 (SAR or 
concentration salt) x 2 (soil column depths) x 2 (cropping 
or fallowing conditions) x 4 (replications). 
The soil was air-dried, ground, passed through a 2-xnm 
sieve, and mixed thoroughly, and the columns were packed by 
hand by adding increments of about one kilogram of soil with 
continuous mixing in order to reduce the possibility of 
particle size segregation and to obtain uniformity in packing. 
The soil selected for the study was from the Agronomy 
and Agricultural Engineering Research Center of Iowa State 
University, Boone County, Iowa. The soil was noncalcareous 
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and contained very low concentration of soliible salts and 
exchangeable sodium. The chemical and physical properties of 
this soil are given in Table 1. The methods used for analysis 
are given under methods of analysis. 
Equal amounts of distilled water were applied to the 
surface of all soil columns at irregular 5ncervals, beginning 
at an early stage of plant growth until the depth of root 
penetration reached the advance wetting of capillary rise 
from groundwater. The addition of water to the soil surface 
was then stopped. At the end of the growing season (after 
sudangrass was harvested two times), soil samples were collec­
ted at 1 cm from the surface and then at lO-cm intervals from 
the soil columns. The total consumption of groundwater over 
the whole experimental period was calculated. The constant 
groundwater level was maintained by adding increments of salt 
solution each 6 hours when it was needed. The level of 
groundwater was maintained at a level 5 cm above the bottom 
of the soil columns. To allow a fair comparison, all treat­
ments were carried on under similar conditions and for the 
same period of time. Two solutions were used to provide the 
ground water for this experiment. These were: 
1. Mixed 3.51 grams of CaCl^ with 3.33 grams of NaCl per 
liter of distilled water to prepare SAR = 11 solution 
and total soluble salts 6,84 g/liter. 
2. Mixed 0.2 gram of CaCl2 with 2.1 grams of NaCl per 
liter of distilled water to prepare SAR = 25 solution 
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Table 1. The chemical and physical properties of the original 
soil 
Soil property Amoiont 
Soluble cations 
Divalent cations (Ca + Mg) 
Sodium 
Available potassium 
Exchangeable cations 
Divalent cations (Ca + Mg) 
Sodium 
Cation exchange capacity 
Particle size analysis 
Clay 
Silt 
Sand 
Total soluble salts 
Saturation percentage (saturated paste) 
Organic matter 
pH 
Electrical conductivity of 1:1 
soil extract 
1.95 meq/lOO g soil 
0.17 meq/lOO g soil 
35 ppm 
19.8 meq/lOO g soil 
0.05 meq/lOO g soil 
29.22 meq/lOO g soil 
31.72% 
21.06% 
47.22% 
0.014% 
34.0% 
4.3% 
5.51 
0.109 mxnhos/cm 
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and total soltible salts 2.3 g/liter. 
Methods of Analysis 
Solxable cations were determined by saturated pastes 
made from wet samples and the mixtures were allowed to 
equilibrate overnight in porcelain-coated mixing pans tightly 
fitted with plastic covers. 
The saturation point was then checked and readjusted, 
if necessary, and the saturation extract was obtained by 
the suction procedure described in the U.S.D.A. Handbook 
No. 50 (U.S. Salinity Laboratory, 1954). 
+  2  +2  
Divalent cations (Ca + Mg ) were determined by the 
Versenate method as described by Troeh and Frederick (1975). 
Organic iratter was determined by digestion method using 
concentrated sulfuric acid and potassium dichromate as modi­
fied by the Soil Testing Laboratory at Iowa State University. 
Electrical conductivity was determined by means of a 
wheatstone bridge, values reported as mmhos/cir and using con­
ductivity cell, pipette-type, with platinum electrode, 
according to Bower and Wilcox (1965). 
Particle size analysis was made by using the pipette 
method according to the procedure described by Day (1965). 
Available potassium was determined from the procedure 
of Troeh and Frederick (1975), which is modified from 
Pratt (1965). 
Soil pH was measured in a 1:2 soil to water suspension 
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with the glass-calomel electrode procedure as outlined by 
Peech (1965). 
Cation exchange capacity was determined by sodium acetate 
saturation method according to Chapman (1965). 
Exchangeable cations were calculated by subtracting the 
water soluble cations from extractable cations by ammonium 
acetate 1.0 N. 
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RESULTS AND DISCUSSION 
The objectives of this investigation were to observe 
what effects the depth and chemical composition, especially 
the sodium adsorption ratio, of the groundwater table have on 
soil salinization, and their influence on the salt and ion 
distribution in the soil profile under both cropping and 
fallowed conditions. 
"Water Consumption 
The average water consumption for all treatments de­
creased with increasing salinity level of the groundwater 
table and with soil depth (Table 2), 
Osmotic head resulting from salts reduces the crop 
water uptake under cropping conditions. Capillary water 
movement is reduced in all columns by the reduced surface 
tension and increased viscosity caused by the salts. 
Increasing the soil depth decreases the moisture content 
of the soil surface, which reduces the vapor pressure of the 
soil moisture; therefore, the amount of evaporation of soil 
water into the atmosphere is reduced. A corresponding 
decrease in the water tension gradient decreases the rate of 
water transfer within the soil. 
During the whole experimental period of this investiga­
tion, the average groundwater lost by evaporation from the 
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Table 2. Water consumption from varying salinity levels of 
groxindwater under varying soil depths and cropped 
and fallowed conditions 
Treatments 
Soil Groundwater quality 
Surface depth Salt SAR consumption 
condition (cm) (g/liter) value (liters) 
Cropped 75 6.84 11 133 
75 2.30 25 184 
50 6.84 11 136 
50 2.30 25 206 
Fallowed 75 6.84 11 79 
75 2.30 25 92 
50 6.84 11 90 
50 2.30 25 109 
fallowed soils was less than that lost by évapotranspiration 
from the corresponding cropped soil. The crops take up nutri­
ents in solution and use water also for photosynthesis, for 
cooling, and for maintaining turgor in their cells. There­
fore, the water requirements of crops is very high and the 
groundwater lost was 50 to 100% larger in cropped soil than 
in fallowed soil (Table 2). 
Salt Distribution 
It appears that the évapotranspiration resulting from 
cropping conditions contributed to increased solute movement 
and salt accumulation in the soil profile. The maximum salt 
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concentration was always in the top centimeter and with the 
50-cm depth to water table was approximately the same under 
both fallow and cropping conditions, indicating that it was 
related to evaporation. Within the root zone, however, 
there was more salt accumulation under cropping conditions 
as a result of water absorption by the roots. 
Capillarity of the groundwater is involved in the upward 
movement of the salts to the soil surface. The deeper soil 
depth (75 cm) resulted in a dry soil surface that reduced the 
amount of evaporation. Water movement required a combination 
of capillarity and vapor diffusion to reach the soil surface 
from a depth of 75 cm. The shallower depth to water table 
(50 cm) resulted in a moist soil surface and greater evapora­
tion with consequently more salt accumulat ion in the soil 
surface. 
The root system and its penetration and activities are the 
third motivating force in the translocation of salt in the 
soil profile. 
Tables 3, 4, 5, and 6 and Figures 4 and 5 show the 
effect of cropping on salt distribution in the soil profile. 
The corresponding cropped soil had about the same concentra­
tion (50-cm depth) or much less (75-cm depth) salt in the soil 
surface but considerably more in the subsurface layers than 
the fallowed soil. The differences were attributed to the 
changes in water movement resulting from water being absorbed 
by the plant roots, and then transpired by the plant. Thus, 
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_3 Table 3. Average total soluble satis content and EC x lO 
values of soils under cropped and fallowed condi­
tions with groundwater table at 50 cm and high 
salinity level (SAR =11) 
Soil 
depth 
(cm) 
CroDoed soil Fallowed soil 
Soluble 
salts, % 
EC 
mmhos/cm 
Soluble 
salts, % 
EC 
mmhos/cm 
0-1 4.04 62.26 4.98 77.85 
1-10 1.81 28.27 0.90 14.05 
10-20 0.41 6.45 0.36 5.63 
20-30 0.38 6.07 0.41 6.32 
30-50 0.45 7.05 0.53 8.25 
Table 4. _3 Average total soluble salts content and EC x lO 
values of soils under cropped and fallowed condi­
tions with groundwater table at 50 cm and low 
salinity level (SAP. = 25) 
Soil 
depth 
(cm) 
CroDoed soil Fallowed [ soil 
Soluble 
salts, % 
EC 
mmhos/cm 
Soluble 
salts, % 
EC 
mmhos/cm 
0-1 3.48 54.45 3.37 52.60 
1-10 1.04 16.18 0.18 2.88 
10-20 0.37 5.80 0.17 2.65 
20-30 0.27 4.25 0.18 2.85 
30-50 0.28 4.35 0.25 3.95 
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—3 Table 5. Average total soluble salts content and EC x 10 
values of soils under cropped and fallowed condi­
tions with groundwater table at 75 cm and high 
salinity level (SAR = 11) 
Soil 
depth 
(cm) 
Cropped soil Fallowed soil 
Soluble 
salts, % 
EC 
mmhos/cm 
Soluble 
salts, % 
EC 
mmhos/cm 
0-1 1.31 20.55 2.64 41.37 
1-10 0.64 10.00 0.30 4.72 
10-20 0.47 7.40 0.21 3.42 
20-30 0.46 7.17 0.22 3.52 
30-40 0.44 6.85 0.29 4.55 
40-50 0.45 7.02 0.34 5.32 
50-75 0.58 9.05 0.47 7.33 
— 2 Table 6. Average total soluble salts content and EC x lO 
values of soils under cropped and fallowed condi­
tions with groundwater table at 75 cm and low 
salinity level (SAR = 25) 
Crnpppd cnii Fallowed soil 
depth Soluble EC Soluble EC 
(cm) salts, % mmhos/cm salts, % mmhos/cm 
0-1 0.42 6.56 2.07 32.32 
1-10 0.52 8.12 0.13 2.03 
10-20 0.53 8.28 O.lO 1.53 
20-30 0.50 7.81 0.12 1.88 
30-40 0.46 7.18 0.14 2.15 
40-50 0.37 5.87 0.18 2.75 
50-75 0.21 3.28 0.21 3.32 
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Figure 4. Average total soluble salts content in soils 
under cropped and fallowed conditions with ground­
water table at 50 cm: (a) high salinity level 
(SAR=ll) and (b) low salinity level (SAR=25) 
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Figure 5. Average total soluble salts content in soils 
under cropped and fallowed conditions with ground­
water table at 75 cm: (a) high salinity level 
(SAR=11) and (b) low salinity level (SAR=25) 
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the salt left behind at the end of the experiment had accumu­
lated more in the subsurface layers under cropping conditions 
than under fallow conditions. 
The results of water consumption and salt distribution 
were markedly affected by the salinity level and the depth 
of groundwater as well as by cropping condition. Also, the 
data in Tables 3, A, 5, and 6 and Figures 4 and 5 show that the 
salinity level of the groundwater table affected the salt dis­
tribution in the soil profile above the water table. This 
effect was greater when the soil surface was fallowed than 
when the soil was cropped. Under the cropped condition, the 
difference between the salt content in the soil with high 
salinity level in groundwater table and in soils with low 
salinity level in the groundwater table is relatively small 
in the subsoil layers from 10 cm down. On the other hand, 
under the fallowed condition the difference between the salt 
content in soils with high salinity level in groundwater table 
and in soils with low salinity level in groundwater table 
appeared in both the soil surface and in the subsurface. 
Table 7 shows the statistical analysis of soluble salts 
data. It appears that there is significant effect of sodium 
adsorption ratio (salinity level) in groundwater table and 
depth of groundwater table on the total soluble salts accumu­
lation in soil profile at 5% F-value, but the plant presence 
or absence does not have a statistically significant effect 
on the accumulation of soluble salts in these soil profiles. 
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Table 7. Analysis of variance of soluble salt data 
Source DF Sum of squares F-value P > F 
SAR 1 3.5402500 36.26 0.0001 
PLANT 1 0.2418025 2.48 0.1188 
SAR*PLANT 1 0.5405625 5.54 0.0207 
DEPTH 1 12.3654400 126.66 0.0001 
SAR*DEPTH 1 1.1696400 11.98 0.0008 
PLANT*DEPTH 1 0.0819025 0.84 0.3620 
SAR*PLANT *DEPTH 1 0.0133225 0.14 0.7126 
REP(SAR*PLANT*DEPTH) 24 3.1256800 1.33 0.1640 
LAYER 4a 160.3816250 410.69 O.OOOl 
SAR*LAYER 4 2.2021500 5.64 0.0004 
PLANT*LAYER 4 8.1318725 20.82 0.0001 
SAR*PLANr *LAYER 4 0.7845875 2.01 0.0993 
DEPTH *LAYER 4 27.0365850 69.23 0.0001 
SAR *DEPTH *LAYER 4 0.9272350 2.37 0.0575 
PLANT *DEPTH *LAYER 4 1.5324475 3.92 0.0054 
SAR*PLANr*DEPTH*LAYER 4 0.1451275 0.37 0.8283 
^The analysis includes the upper five layers of soil 
profile in each treatment only. 
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One conclusion from the analysis of variance is that the 
sodium adsorption ratio (salinity level) in the groundwater 
table has a strong effect on soil salinity. The presence or 
absence of plants and salinity level (SAR) interaction, the 
depth of water table, the salinity level in groundwater and 
depth of groundwater table interaction, the depth of layer at 
which the samples are taken and the soil sample depth (layer 
depth) and other individual treatment interactions are signifi­
cant, but the plant presence or absence does not have signifi­
cant effect on salt accumulation at the 5% significance level. 
Also, Table 7 shows that there is no significant effect of 
layer, depth and sodium adsorption ratio in groundwater 
(salinity level) interaction or interaction between these fac­
tors and plant presence on salt accumulation in the five upper 
layers in these soil profiles. 
Soluble Calcium Plus Magnesium 
The distribution of soluble calcium plus magnesium, as af­
fected by the cropped and fallowed conditions and salinity 
level of groundwater table at the shallow (50 cm) depth is 
shown in Tables 8 and 9 and Figure 6. 
The data show that the soluble Ca^^ + accumulated in 
the surface layers in both fallowed and cropped soils more 
than in the subsurface layers, but in cropped soils there was 
more accumulation of soluble Ca^^ + Mg^^ in the 1- to lO-cm 
layer than in fallowed soils. Also, these results show that 
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Table 8. Average soluble Ca + Mg"*" in soils under 
cropped and fallowed conditions with groundwater 
table at 50 cm depth and high salinity level 
(SAR = 11) 
Ca*^ + (meq/lOO q) 
Cropped soil Fallowed soil 
0-1 102.60 103.20 
1-10 27.50 9.42 
10-20 5.82 2.44 
20-30 1.95 1.99 
30-50 1.60 1.91 
Soil 
depth 
(cm) 
Table 9. Average soluble Ca + Mg in soils under 
cropped and fallowed conditions with groundwater 
table at 50 cm depth and low salinity level 
(SAR = 25) 
Soil 
depth 
(cm) 
ca^2 + mc+z (meq/lOO q) 
Cropped soil Fallowed soil 
0-1 76.51 63.32 
l-lO 10.81 2.01 
10-20 1.44 0.90 
20-30 1.14 1.47 
30-50 1.33 1.30 
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high salinity of groundwater table and increased concentration 
of Ca^^ in the groundwater solution caused an increase in the 
calcium plus magnesium content in the soil profile. The mass 
movement theory of groundwater solution moving upward to the 
soil surface helps explain these increases. The increased 
calcium concentration in the groundwater table caused it to 
accumulate to a greater depth in the soil profile under both 
cases, cropped or fallowed. The difference between the effect 
of cropping and fallowing was more pronounced in the 1- to 10-
cm part of the accumulation zone. 
Tables 8 and 9 and Figure 5 show that, over the low 
salinity water table, the presence of crops caused more accumu­
lation of calcium plus magnesium in the soil surface than 
fallowed soil. The difference is attributed to the difference 
between the évapotranspiration and evaporation rates. The more 
saline groundwater did not show this difference between the 
soluble calcium plus magnesium content of the soil surface 
crust (1-cm depth) when soil was cropped or when soil was fal­
lowed. The accumulation of soluble calcium plus magnesium was 
considerably higher in all the cropped treatments than in the 
corresponding fallow conditions in soil layers from 1-20 cm 
depth with high salinity groundwater and from O-lO cm depth 
with low salinity groundwater at 50 cm as shown in Tables 8 
and 9. 
The deeper (75 cm) groundwater table resulted in less ac­
cumulation of soluble calcium plus magnesium in the soil 
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Table 10. Average soluble Ca + Mg in soils under 
cropped and fallowed conditions with groundwater 
table at 75 cm depth and high salinity level 
(SAR = 11) 
Soil 
depth 
(cm) 
(mea/lOO a) 
Cropped soil Fallowed soil 
0-1 31.03 58.08 
1-10 11.62 4.54 
10-20 5.80 3.82 
20-30 4.64 2.70 
30-40 4.36 2.36 
40-50 3.38 1.80 
50-75 3.46 2.36 
Table 11. Average soluble Ca"*" + Mg in soils under 
cropped and fallowed conditions with groundwater 
table at 75 cm depth and low salinity level 
(SAR = 25) 
Ca*^ + (meg/lOO g) 
Cropped soil Fallowed soil 
Soil 
depth 
(cm) 
0-1 
1-10 
10-20 
20-30 
30-40 
40-50 
50-75 
7.20 
9.59 
6.99 
4.32 
3.14 
3.26 
1.30 
41.62 
3.36 
2.84 
2.41 
1.55 
1.79 
1.60 
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surface (Tables 10 and 11) than the 50-cm depth. With the 
75-cm water table, the cropped soils had more soliible calcium 
plus magnesium than fallowed soils, except on the surface, in 
both high and low salinity levels in the groundwater table as 
shown in Tables lO and 11 and Figure 7. The water removal 
associated with deeper penetration of roots in the deeper soils 
caused more soluble calcium plus magnesium accumulation in the 
deeper layers than in shallow groundwater table treatments. 
The different concentrations of calcium in the groundwater 
table had little effect on the accumulation and distribution 
of soluble calcium plus magnesium in the soil profile, except 
in the top 1 cm layer over the deep groundwater table (75 cm), 
as shown in Tables 10 and 11 and in Figure 7. 
In general, the concentration of calcium in the ground­
water table had much more effect on the soluble calcium plus 
magnesium distribution in the soil profile when the water 
table was at the shallower 50 cm depth than when the water 
table was at 75 cm. 
On the other hand, the cropping condition had an effect 
on soluble calcium plus magnesium distribution in the soil 
profile above the water table in both conditions, with shallow 
or deep groundwater table. This effect was more pronounced 
in layers near the soil surface. 
Table 12 shows the analysis of variance of soluble cal­
cium plus magnesium data, and again as shown in the salt dis­
cussion, the sodium adsorption ratio (salinity level) in the 
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Table 12. Analysis of variance of soluble calcium plus 
magnesium data 
Source DF Sum of squares F-value P > F 
SAR 1 2071.440562 143.34 0.0301 
PLANT 1 5.852250 0.40 0.5261 
SAR*PLANT 1 2.070250 0.14 0.7059 
DEPTH 1 4263.192563 295.00 0.0001 
SAR*DEPTH 1 267.961523 18,54 0.0001 
PLANT*DEPTH 1 593.670250 41.08 0.0001 
SAH*PLANr *DEPTH 1 7.569000 0.52 0.4710 
REP ( SAR*PLANr *DEPTH ) 24 408.555320 1.18 0.2817 
LAYER 4^ 81115.578753 1403.25 O.OOOl 
SAR*LAYER 4 3960.205975 68.51 O.OOOl 
PLANT*LAYER 4 2042.304425 35.33 0.0001 
SAR*PLANr*LAYER 4 67.121188 1.16 0.3329 
DEPTH*LAYER 4 17589.290263 304.28 0.0001 
SAR *DEPTH *LAYER 4 292.658040 5.06 O.OOlO 
PLANT *DEPTH *LAYER 4 2250.697075 38.94 0.0001 
SAR*PLANT*DEPTH*LAYER 4 261.107113 4.52 0.0022 
^The analysis includes the upper five layers of soil 
profiles in each treatment only. 
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grovmdwater and the depth of water table have significant 
effects on solxjble Ca*^ + Mg*'^ content in the soil profile, but 
plant presence causes increased Ca*^ + Mg^^ in the root zone. 
Soluble Sodium 
In the shallow groundwater table treatments, as shown 
in Tables 13 and 14 and Figure 8, the soluble sodium content 
in the soils increases with decrease in the soil depth. In 
general, there was more soluble sodium in treatments under 
cropped conditions than in treatments under fallow conditions. 
This difference was related to the increased water consumption 
in cropped treatments as compared to fallowed ones and the re­
sulting increase in solution movement upward from the ground­
water table. On the other hand, the data show that the 
soluble sodium in the top centimeter was higher under the 
fallowed condition as compared to the cropped condition, when 
the groundwater table contained a low concentration of salt. 
Also, Tables 13 and 14 show that the soluble sodium in the 
treatments with high salinity groundwater table was high 
under fallowed condition and low in the cropped condition 
in subsurface layers near the groundwater table. It 
appears from these res that the soluble sodium movement 
is closely associated with mass movement of the soil 
solution. TTie soil profiles were moist to the surface 
above the shallow groundwater tables and the smaller soil 
pores were filled by water. Therefore, considerable salt and 
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Table 13. Average soluble sodium (Na^) in soils under 
cropped and fallowed conditions and with ground­
water table at 50 cm depth and high salinity level 
(SAR = 11) 
Soil 
depth 
(cm) 
Na"^ (mea/100 a) 
Cropped soil Fallowed soil 
0-1 6.24 5.14 
l-lO 3.58 3.63 
10-20 1.87 1.59 
20-30 1.87 2.78 
30-50 1.77 2.44 
Table 14, Average soluble sodium (Na ) in soils under 
cropped and fallowed conditions and with ground­
water table at 50 cm depth and low salinity level 
(SAR = 25) 
Soil 
depth 
(cm) 
Na"*" (mea/lOO a) 
Cropped soil Fallowed soil 
0-1 4.38 5.41 
1-10 2.70 1.40 
10-20 4.04 1.55 
20-30 4.50 1.44 
30-50 2.13 1.39 
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soluble ions moved upward with the mass movement of ground­
water through the moist soil and the evaporation of water 
from the surface. With a moist soil surface, the soluble 
salts and, consequently, the soluble sodium salts, increase 
near the soil surface and decrease with depth toward the 
groundwater table. 
The higher concentration of sodium in the groundwater in­
creased the soluble sodium in the 50 cm soil profile under 
both conditions, cropped and fallowed (Tables 13 and 14 and 
Figure 8) except in the lower part of the profile of the 
cropped soil. 
In the deep groundwater table treatments, the soluble 
sodium content in the soil generally increased toward the 
groundwater table. The capillary forces did not complete 
the wetting of the soil profile in these treatments. The 
profiles were relatively dry in the top layers but saturated 
near the groundwater table. Therefore, less water and 
less dissolved sodium reached the upper layers. Soluble 
salts, therefore, concentrate in the unsaturated layers, es­
pecially at the wetting front between the saturated layer and 
unsaturated layer by the upward bulk transport of soluble 
salts. Diffusion moves some soluble sodium toward the sur­
face but in small amounts compared with the bulk transport 
which occurred in the bottom layers (Tables 15 and 16 and 
Figure 9). 
The analysis of variance of soluble sodium data shows that 
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Table 15, Average soluble sodium (Na ) in soils under 
cropped and fallowed conditions and groundwater 
table at 75 cm depth and high salinity level 
(SAR = 11) 
Soil 
depth 
(cm) 
Na* (meq/lOO g) 
Cropped soil Fallowed soil 
0-1 1.50 0.71 
l-lO 1.62 0.45 
10-20 1.26 0.47 
20-30 2.19 1.53 
30-40 2.80 1.65 
40-50 4.40 2.44 
50-75 3.79 3.24 
Table 15, Average soluble sodium (Na*) in soils under 
cropped and fallowed conditions and groundwater 
table at 75 cm depth and low salinity level 
(SAR = 25) 
Ha-" (meq/100 q) 
(cm) Cropped soil Fallowed soil 
0-1 0.59 0.62 
1-10 0.53 0.26 
10-20 1.27 0.34 
20-30 2.62 0.77 
30-40 4.42 1.08 
40-50 2.84 1.46 
50-75 2.72 1.71 
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the changes in soluble sodium in the soil solution are not 
significantly correlated to the effects of sodium adsorption 
ratio (salinity level), but the groundwater depth and the 
presence or absence of plants have significant effects on 
soluble sodium in the soil solution. Also, the depth of layer 
at which the soil samples are taken has significant effect on 
soluble sodium content in the soil layer (Table 17). 
Sodium Absorption Ratio 
+ 
The average sodium adsorption ratios (SAR = Na / 
2—— expressed in equivalent quantities) in the soil 
solution of soils under various treatments are given in Tables 
18, 19, 20, and 21. These data show a progressive increase 
in sodium adsorption ratio values of soil solution either 
toward the groundwater table or more often toward a maximum 
somewhere in the middle part of the profiles= This rapidly 
increasing sodium adsorption ratio is the result of the 
appreciable increase in calcium and/or magnesium accumula­
tion and precipitation in the upper layers, whereas the sodi­
um ions increase in the lower layers. These concentrations 
depend on the differences in the amount of precipitation and/ 
or solubility between sodium and calcium and/or magnesium. 
The groundwater table almost saturates the lower layers, but 
the results indicate that the cations do not transfer simply 
by mass transport in the groundwater because of the different 
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Table 17. Analysis of variance of soluble sodium data 
Source DF Sum of squares F-value P > F 
SAR 1 0.9750006 2.01 0.1598 
PLANT 1 31.5861756 65.02 0.0001 
SAR*PLANT 1 8.2673556 17.02 0.0001 
DEPTH 1 106.7492256 219.74 O.OOOl 
SAR*DEPTH 1 0.0636006 0.13 0.7183 
PLANT*DEPTH 1 2.5933556 5.34 0.0230 
S AR*PLANT *DEPTH 1 2.0317556 4.18 0.0436 
REP ( SAR*PLANT *DEPTH ) 24 16.9603050 1.45 0.1034 
LAYER 4a 47.3908913 24.39 0.0001 
SAR*LAYER 4 13.4085463 6.90 O.OOOl 
PLANT *LAYER 4 4.4180838 2.27 0.0669 
SAR*PLANT *LAYER 4 17.3608038 8.93 O.OOOl 
DEPTH *LAYER 4 102.9181963 52.96 O.OOOl 
SAR*DEPTH*LAYER 4 7.5751713 3.90 0 « 0056 
PLANT *DEPTH *LAYER 4 8.5110788 4.38 0.0027 
SAR*PLANr*DEPTH *LAYER 4 8.4529788 4.35 0.0028 
^The analysis includes the upper five layers of soil 
profile in each treatment only. 
58 
Table 18. Average sodium adsorption ratio in soil solution 
of soils under cropped and fallowed conditions with 
groundwater table at 50 cm and high SAR 
_ .- , ,, SAR in soil solution Soil depth 
(cm) Cropped soil Fallowed soil 
0-1 0.71 0.99 
1-10 1.22 1.48 
10-20 4.77 2.52 
20-30 5.95 1.71 
30-50 2.62 1.72 
Table 19, Average sodium adsorption ratio in soil solution 
of soils under cropped and fallowed conditions with 
groundwater table at 50 cm and low SAR 
Soil depth 
(cm) 
SAR in soil solution 
Cropped soil Fallowed soil 
0-1 0.87 0.71 
l-lO 0.98 1.64 
10-20 1.10 1.44 
20-30 1.90 2.82 
30-50 1.99 2.51 
59 
Table 20, Average sodiim adsorption ratio in soil solution 
of soils under cropped and fallowed conditions with 
groundwater table at 75 cm and high SAR 
Soil depth 
(cm) 
SAR in soil solution 
Cropped soil Fallowed soil 
0-1 0.31 0.14 
l-lO 0.24 0.20 
10-20 0.68 0.28 
20-30 
o
 
00 H
 0.72 
30-40 3.52 1.34 
40-50 2.51 1.59 
50-75 3.38 1.95 
Table 21. Average sodium adsorption ratio in soil solution 
of soils under cropped and fallowed conditions with 
groundwater table at 75 cm and low SAR 
Soil depth soil solution 
(cm) Cropped soil Fallowed soil 
0-1 0.42 0.13 
1-10 0.62 0.30 
10-20 0.69 0.34 
20-30 1.45 1.38 
30-40 1.90 1.52 
40-50 3.52 3.53 
50-75 2.88 3.00 
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ions have different ability to transfer through the soil 
profile. Also, the data show a high correlation between the 
presence of crop and the sodium adsorption ratio, especially 
with high SAR in the groundwater table. With the deeper soils 
(75 cm), the sodium adsorption ratio in the soil solution is 
higher in cropped soils than fallowed soils (Tables 20 and 2l), 
but the difference is smaller than with shallow soils and high 
SAR (Table 18). 
The data for the sodium adsorption ratio in soil solution 
show that cropping is a more important factor affecting the 
SAR of soils than the sodium adsorption ratio in the ground­
water table, regardless of the depth of the water table (as 
shown in Tables 20 and 21). But, the statistical analysis 
(Table 22) shows that all the treatments in this investigation 
have significant effects on sodium adsorption ratio in the 
soil solution. Therefore, an investigator who wants to in­
clude the sodium adsorption ratio in soil solution in any 
soil studies should consider all of these factors. 
Exchangeable Sodium 
The distribution of exchangeable sodium in shallow soils 
under cropped and fallowed conditions is given in Tables 23 
and 24 and Figure 10. Exchangeable sodium increased toward 
the soil surface under both fallowing and cropping conditions, 
but cropping produced a noticeably higher exchangeable sodium 
content in the top centimeter. The exchangeable sodium in the 
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Table 22. Analysis of variance of Goditim adsorption ratio 
in soil solution data 
Source DF Sum of squares F-value P > F 
SAR 1 7 .014063 49 .69 0, .0001 
PLANT 1 9, .870423 69, .92 0, .0001 
SAR*PLANT 1 13, .724123 97, .22 0, .0001 
DEPTH 1 46 .483360 329 .29 0, .0001 
SAR*DEPTH 1 5, .112250 36, .22 0, .0001 
PLANT *DEPTH 1 0, .055610 0, .46 0. 4970 
SAR*PLANT *DEPTH 1 4, .316490 30, .58 0 ,  .0001 
REP ( SAR*PLANT*DEPTH ) 24 6, .218500 1, .84 0 ,  .0204 
LAYER 4^ 73, .516384 130, .20 0. 0001 
SAR*LAYER 4 8. 610706 15. .25 0. 0001 
PLANT*LAYER 4 8. 470734 15. 00 0. 0001 
SAR *PLANT *LAYER 4 14. 476721 25. ,64 0. 0001 
DEPTH *LAYER 4 19. ,428559 34. ,41 0. ,0001 
SAR *DEPTH*LAYER 4 13. ,363756 23. ,67 0. ,0001 
PLANT*DEPTH*LAYER 4 5. ,537884 11. ,58 0. 0001 
SAR *PLANr *DEPTH *LAYER 4 7. ,908516 14. .01 0. 0001 
^The analysis includes the upper five 
profile in each treatment only. 
layers of ; soil 
62 
Table 23. Average exchangeable soditam in soils under 
cropped and fallowed conditions and groundwater 
table at 50 cm depth and high salinity level 
(SAR = 11) 
Soil depth 
(cm) 
Exchanaeable sodium (mea/lOO a) 
Cropped soil Fallowed soil 
0-1 3.12 1.14 
l-lO 0.24 0.18 
10-20 0.18 0.16 
20-30 0.28 0.90 
30-50 0.32 0.29 
Table 24. Average exchangeable sodium in soils under 
cropped and fallowed conditions and groundwater 
table at 50 cm depth and low salinity level 
(SAR = 25) 
Soil depth 
(cm) 
Exchanaeable sodium (mea/lOO a) 
Cropped soil Fallowed soil 
0-1 5.15 2.66 
l-lO 0.63 1.94 
10-20 0.58 0.58 
20-30 1.03 2.23 
30-50 0.43 0.43 
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subsoil was variable. The higher exchangeable sodium in the 
top centimeter coincided with high soluble sodium (Figure 8). 
The interpretation of soluble cation distributions or ex­
changeable cations in the soil profile is related to the dif­
ferences or the lack of differences in évapotranspiration 
rates and evaporation rates. With the shallow water table, 
the soil profiles were moist to the surface and there was very 
little difference in exchangeable sodium in cropped and fal­
lowed soils. 
Tables 23 and 24 and Figure lO show that the exchangeable 
sodium increased more under cropping conditions than with fal­
low conditions and the differences existed in the root zone 
rather than in other parts of the profile. Near the soil 
surface and near the water table the differences between the 
exchangeable sodium in soils under cropping and fallowing 
conditions is very small in comparison to the differences in 
the root zone. 
As with soluble sodium, the exchangeable sodium in the 
75-cm soil depth shows an increasing trend with increasing 
soil depth in both treatments—with crops or without crops. 
A comparison of Tables 25 and 26 and Figure 11 to Tables 
20 and 21 indicates that the exchangeable sodium was well 
related to the sodium adsorption ratio in the 75-cm ground­
water table. The exchangeable sodium increased with an in­
crease in the sodium adsorption ratio in groundwater table 
regardless of groundwater table depth or the presence or 
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Table 25. Average exchangeable sodium in soils under 
cropped and fallowed conditions and groundwater 
table at 75 cm depth and high salinity level 
(SAR = 11) 
Soil depth 
(cm) 
Exchanaeable sodium (mea/lOO a) 
Cropped soil Fallowed soil 
0-1 0.87 0.22 
1-10 0.83 0.20 
10-20 1.25 0.37 
20-30 2.37 0.38 
30-40 2.28 0.47 
40-50 2.41 1.92 
50-75 4.11 3.88 
Table 25. Average exchangeable sodium in soils under 
cropped and fallowed conditions and groundwater 
table at 75 cm depth and low salinity level 
(SAR = 25) 
_ .. . . Exchanaeable sodium (mea/lOO a) 
Soil depth — ^ — 
(cm) Cropped soil Fallowed soil 
0-1 1.27 0.20 
1-10 1.06 1.05 
10-20 3.36 0.90 
20-30 4.35 0.51 
30-40 5.02 0.73 
40-50 5.47 3.18 
50-75 4.72 4.14 
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absence of crops. These results indicate that the exchange­
able sodium in soils is more closely related to the sodium 
adsorption ratio in the groundwater table than to the concent 
tration of sodium in the groundwater. In treatments that had 
2.1 grams of sodium chloride per liter in groundwater, the 
exchangeable sodium was higher than in treatments which had 
3.33 grams of sodium chloride per liter in groundwater, due to 
the sodium adsorption ratio values being 25 and 11, respec­
tively. This result is an excellent positive relationship 
between the exchangeable sodium in the soil profiles and the 
sodium adsorption ratio in the groundwater. 
In general, exchangeable sodium increased in soils with 
decreasing groundwater table depth with crops present, but 
the major factor in the increase of exchangeable sodium was 
the sodium adsorption ratio in the groundwater. The exchange­
able sodium was not proportional to the sodium concentration 
in the groundwater table. 
The factors which affect the sodium adsorption ratio in 
the soil solution will also affect indirectly the exchangeable 
sodium in the soil. But, the analysis of variance of exchange­
able sodium shows that the depth of groundwater table is sig­
nificantly related to the sodium adsorption ratio in the soil 
solution but not to exchangeable sodium (Tables 22 and 27), 
at the 5% significance level. 
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Table 27. Analysis of variance of exchangeable sodium data 
Source DP Sum of squares F-value P > F 
SAR 1 32.969481 49.26 0.0001 
PLANT 1 35.825026 53.53 0.0001 
SAR*PLANr 1 1.859766 2.78 0.0988 
DEPTH 1 2.557831 3.82 0.0535 
SAR*DEPTH 1 0.020476 0.03 0.8615 
pLArrr*DEPTH 1 25.768276 38.50 0.0001 
SAR *PLANT *DEPTH 1 5.296201 7,91 0.0060 
REP ( SAR*PLANr *DEPTH ) 24 14.976825 0.93 0.5595 
LAYER 4^ 23.589141 0.81 0.0001 
SAR*LAYER 4 0.445254 0.17 0.9550 
PLANT*LAYER 4 15.387496 5.75 0.0003 
SAR*PLANr *LAYER 4 5.695619 2.13 0.0833 
DEPTH *LAYER 4 81.531041 30.45 0.0001 
SAR *DEPTH *LAYER 4 10.966709 4.10 0.0041 
PLANT *DEPTH *LAYER 4 32.103921 11.99 0.0001 
SAR*PLANT*DEPTH*LAYER 4 2.555259 0.95 0.4362 
^The analysis includes the upper five layers of soil 
profile in each treatment only. 
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Relation Between Soil pH Values and 
Exchangeable Cations 
The changes in soil pH at various depths under the dif­
ferent soil treatments are given in Tables 28 to 31. 
The pH decreased markedly in the fallowed treatments 
under shallow groundwater tables regardless of the salinity 
level of groundwater table. The decrease in soil pH was 
associated with a decrease in the exchangeable calcium and 
magnesium and an increase in the exchangeable sodium. The 
increase in exchangeable sodium was generally less than the 
decrease in exchangeable calcium and magnesium under fallowed 
conditions as shown in Tables 28 and 29. This indicates that 
other cations in addition to the sodium replaced the calcium 
and magnesium originally in the soil (especially in the upper 
part of the soil). 
On the other hand, the pH increased in the cropped treat­
ments with shallow groundwater table regardless of salinity 
level of the groundwater table. The increase in soil pH was 
associated with an increase in the exchangeable calcium and 
xnagnesiuir. and an increase in the ejxhangeable sodium. This 
indicates that the calcium, magnesium and the sodium replaced 
the hydrogen ions on the soil complex. Such reactions increase 
the percent base saturation and consequently increase the 
soil pH. 
Tables 30 and 31 show that the soil became more acid 
or stayed the same in the upper parts of the deeper soils, but 
Table 28, Average changes in exchangeable cations (meq/lOO g) and soil pH values 
of soils under cropped and fallowed conditions and with high salinity 
groundwater tables at 50 cm depth 
Cropped soil Fallowed soil 
Soil 
depth 
(cm) 
Change in 
exch, Na"*" 
Change in 
exch. 
Ca + Kg 
Change in 
pH 
Change in 
exch. Na"*" 
Change in 
exch. 
Ca + Mg 
Change in 
pH 
0-1 + 3,07 + 0.24 + 0.24 + 1.09 -3.61 -0,77 
1-10 + 0.98 + 0.98 + 0.20 + 0.13 '2.99 -0,62 
10-20 + 0.13 + 1.87 + 0.31 + 0.11 -1.89 -0.23 
20-30 + 0.23 + 1.87 + 0.20 + 0.85 -0.90 -0,22 
30-50 + 0.27 -0.36 + 0.60 + 0.24 -0.24 + 1,20 
Table 29, Average changes in exchangeable cations (meq/lOO <|) and soil pH values 
of soils under cropped and fallowed conditions and with low salinity 
groundwater table at 50 cm depth 
Cropped soil Fallowed soil 
Soil 
depth 
(cm) 
Change in 
exch. Na"* 
Change in 
exch. 
Ca + Mg 
Change in 
pH 
Change in 
exch. Na*" 
Change in 
exch. 
Ca + Mg 
Change in 
pH 
0-1 + 5.10 + 0.02 + 0.06 + 2.56 -4.49 -0.88 
l-lO +0.58 + 3.50 + 0.25 + 1.89 -2.57 -0.38 
10-20 + 0.53 + 0.38 + 0.36 + 0.53 -3.16 -0.12 
20-30 + 0.98 + 1.48 + 0.78 + 2.18 -1.88 + 0,26 
30-50 + 0.38 + 0.37 + 1.10 + 0.38 + 1.18 + 1.1.6 
Table 30, Average changes in exchangeable cations (meq/lOO g) and soil pH values of 
soils under cropped and fallowed conditions and with high salinity 
groundwater table at 75 cm depth 
Cropped soil Fallowed soil 
Soil 
depth 
(cm) 
Change in 
exch. Na^ 
Change in 
exch. 
Ca + Mg 
Change in 
pH 
Change in 
exch. Na 
Change in 
exch. 
Ca + Mg 
Change in 
pH 
0-1 + 0, 8l -1.93 -0.67 + 0.07 
-1.22 -0.02 
1-10 + 0.77 + 0.33 -0.34 + 0.15 -0.87 +0.30 
10-20 + 1.20 + 2.37 -0.12 + 0.31 + 0.51 +0.58 
20-30 + 2.32 + 1.68 + 0.11 + 0.33 -0.51 + 0.83 
30-40 + 2.23 + 0.30 + 0.32 + 0.42 
-0.12 + 0.64 
40-50 + 2.36 + 1.93 + 0.31 + 1.87 + 2.89 + 0.08 
50-75 +4.06 + 2.62 + 0.81 + 3.82 + 3.76 + 0.57 
Table 31. Average changes in exchangeable cations (meq/lOO g) and soil pH values 
of soils under cropped and fallowed conditions and with low salinity 
groundwater table at 75 cm depth 
Cropped soil Fallowed soil 
Soil 
depth 
( cm) 
Change in 
Gxch. Na 
Change in 
exch. 
Ca + Mg 
Change in 
pH 
Change in 
exch. Na^ 
Change in 
exch, 
Ca + Mg 
Change in 
pH 
0-1 + 1.22 -0.94 -0.68 + 0.15 -4.44 + 0.02 
1-10 + 1.00 + 0.91 -0.38 + 1.00 -2.19 + 0.28 
10-20 + 3.30 + 1.71 0.00 + 0.84 -0.78 + 0.38 
20-30 +4.29 -0,23 + 0,05 + 0.45 -2.17 + 0.60 
30-40 + 4.95 -2.76 + 0.66 + 0.67 -0,06 + 0.61 
40-50 + 5.42 + 0.40 + 0,95 + 3.12 + 2.71 + 0.85 
50-75 + 4 .67 -0.32 + 1.18 + 4.09 + 1,86 + 0.78 
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became more alkaline in the lower parts. Most of the changes 
were small (less than one unit), probably because the dura­
tion of the experiment was short (144 days) as compared to 
the time needed to change the pH of acidic soil (as the one 
used in the study) to the ^  of alkaline or sodic soil. Also, 
using the chloride salts in the experimental design may have 
slowed the increase in the pH of acidic soil. Tables 30 and 
31 indicate that there was a slight increase in soil pH 
associated with increasing exchangeable sodium and decreas­
ing exchangeable calcium and magnesium. Precipitation of 
magnesium carbonate or calcium carbonate formed from the 
reaction between magnesium chloride or calcium chloride with 
carbon dioxide in the soil may have been involved. 
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SUMMARY AND CONCLUSIONS 
Natural transport of salt solutions through the soils 
resulted in a number of significant changes which were con­
trolled or modified by the component variables in the systems. 
The results, which were obtained under greenhouse conditions, 
allow evaluation of a number of mechanisms operative in the 
formation of saline soils under field conditions. 
The amounts and the position of maximum accumulation of 
soluble salts were markedly affected by the salt concentra­
tion in groundwater, the water table depth, and the presence 
or absence of crops. 
Under constant groundwater table depth and within the 
experimental period, the average water loss from the soil 
columns growing sudangrass was 78.11% greater than 
from the fallowed soil columns. The water loss decreased 
with increasing salinity of groundwater. 
The salt concentration in the soil at the end of the 
experiment was markedly affected by the root system of the 
crop. The root system tends to accelerate water-salt move­
ment from deeper soil layers in the root zone, whereas 
fallowed soil columns tend to accumulate salt in the soil 
surface. The deeper and fallowed soil columns had the least 
water evaporation and salt accumulation. The salt accumula­
tion was greatest at the soil surface and gradually decreased 
with increasing soil depth toward the groundwater table. 
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There was a slight increase in the salt content of the soil 
layer immediately above the water table. 
The thickness of the zone of salt accumulation near the 
soil surface depends on the groundwater table depth and salt 
concentration in the groundwater. In general, the thickness 
of the zone of salt accumulation near the soil surface is 
greater with shallow groundwater treatments in comparison to 
the deeper groundwater treatments. 
The results indicate that cropping increases the salt 
accumulation in the root zone while fallowing accumulates 
more salt at the soil surface. It is probable that alternate 
cropping and fallowing, as commonly practiced in summer fal­
lowed lands, facilitates the upward movement of salt from a 
high groundwater table to the soil surface in relays and 
thereby contributes to soil salinization. 
The soluble calcium plus magnesium tends to increase 
with decrease in the soil depth in all treatments applied in 
this research. The increase in these cations near the soil 
surface coincided with lower soil pH values than those of 
other layers in the soil columns. The soluble calcium plus 
magnesium accumulation was influenced by shallow groundwater, 
the calcium concentration in the groundwater, and the 
presence or absence of crops. 
Soluble sodium increased toward the soil surface in 
treatments with a shallow (50 cm) groundwater table, but in­
creased with increased soil depth in treatments with a deeper 
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(75 cm) groundwater table. The shallower water table main­
tained a moist soil surface but the deeper one did not. 
Deeper water table is recommended for salinity control and 
the results of this investigation indicate that the deeper 
water table not only helps control salt accumulation, but 
also reduces the sodium hazard. 
The data show that the exchangeable sodium in the soil 
was influenced by the sodium adsorption ratio in groundwater, 
the groundwater depth and fallowed or cropped condition. An 
investigator who wants to study the sodium hazard should con­
sider all of these factors plus the relationship between the 
exchangeable sodium and the sodium adsorption ratio in soil 
solution as reported ty the U.S. Salinity Laboratory 
(1954). 
In summary, the following conclusions were reached as a 
result of this investigation; 
1. The average water loss from the cropped soil was 
greater than from the fallowed soil. 
2. Accumulation of soluble salts on the surface of soils 
as a result of evaporation and/or évapotranspiration 
of saline groundwaters is favored by: 
(a) High salt concentration in groundwater, 
(b) Shallow groundwater table level, 
(c) The existence of cropping condition. 
3. The upward movement of sodium is different than the 
movement of calcium plus magnesium in the profile. 
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due to differences between these cations in ability 
of precipitation and/or solubility. The soluble 
sodium increased toward the groundwater table 
(except under shallow ground water), but soluble 
calcium and magnesium increased toward the soil 
surface. 
4, During the salinization process, the in the upper 
part of the soil may be less than the original soil 
pH if the soil contains appreciable concentrations 
of soluble calcium chloride and magnesium chloride. 
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Table 32. Data of soil profiles 50-cm depth under fallowing 
condition and low salinity groundwater table 
Number of replications 
Soil depth 
(cm) 3 2 3 4 
pH values 
0-1 5.00 5.00 4.98 4.97 
1-10 5.35 5.49 5.63 5.47 
10-20 5.74 5.70 5.71 5.81 
20-30 6.11 6.37 5.91 6.09 
30-50 6."I 7.01 7.06 7.10 
Air-dried moisture content (%) 
0-1 10.30 4.20 6.60 7.30 
1-10 3.30 3.30 3.60 2.90 
10-20 3.60 3.60 3.60 3.10 
20-30 3.60 4.00 3.30 3.20 
30-50 3.30 4.20 3.30 4.20 
Electrical conductivity (mmhos/cm) 
0-1 63.40 5G.30 45.80 44.90 
1-10 3.20 3.40 2.20 2.90 
10-20 3.30 2.20 2.50 2.60 
20-30 3.30 2.30 2.60 3.20 
30-50 4.00 4.00 3.70 4.10 
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Table 32. (Continued) 
soil depth Nmibgf of replications 
(cm) 12 3 4 
Soluble salts. % (E.G. x 10 ^  x 0.064) 
0-1 4.06 3.60 2.93 2.87 
1-lO 0.20 0.21 0.14 0.19 
10-20 0.21 0.14 0.16 0.17 
20-30 0.21 0.14 0.17 0.20 
30-50 0.25 0.25 0.24 0.26 
Soluble calcium plus magnesium (mea/lOO a soil) 
0-1 83.61 67.02 48.38 54.29 
1-lO 1.09 3.48 1.65 1.83 
10-20 0.36 0.90 0.50 1,44 
20-30 1.08 1.99 1.47 1.35 
30-50 1.30 1.25 1.35 1.31 
Soluble sodium (meq/lOO a soil) 
0-1 5.10 4.74 6.80 5.00 
1-lO 1.30 1.50 1.30 1.50 
10-20 1.50 1.60 1.60 1.50 
20-30 1.60 1.26 1.86 1.02 
30-50 1.54 1.54 0.66 1.80 
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Table 32. (Continued) 
Soil depth Nupiber repUgatign^ 
(cm) 12 3 4 
Exchangeable calcium plus magnesium (meg/lOO a soil) 
0-1 14.68 16.13 14.97 15.46 
1-lO 17.75 15.54 17.55 18.09 
10-20 17.74 16.29 16.83 16.11 
20-30 17.56 18.28 17.92 17.91 
30-50 21.46 20.51 20.98 20.99 
Exchangeable sodium (meg/lOO o soil) 
0-1 4.90 2.40 2.30 1.00 
1-10 1.50 3.18 2.92 0.16 
10-20 0.32 0.32 0.32 1.36 
20-30 2.40 2.74 0.80 2.98 
30-50 0.44 0.44 0.44 0.40 
Sodium adsorption ratio of soil solution 
0-1 0.79 0.82 1.38 0.96 
1-10 1.76 1.14 1.43 1.57 
10-20 3.54 2.39 2.39 1.77 
20-30 2.18 1.26 2.17 1.24 
30-50 1.91 1.95 0.80 2.22 
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Table 33. Data of soil profiles 50-cm depth under cropping 
condition and low salinity groundwater table 
Soil depth Nwiber gf replications 
(cm) 12 3 4 
pH values 
0-1 5.95 5.93 6.05 5.78 
1-10 6.11 6.26 6.40 5.68 
10-20 6.22 6.38 6.55 5.73 
20-30 6.23 7.07 7.20 6.06 
30-50 7.41 7.07 6.95 6.40 
Air-dried moisture content (%) 
0-1 6.70 7.50 8.10 7.20 
1-10 3.90 4.40 4.20 4.20 
10-20 2.40 3.90 4.20 3.60 
20-30 2.30 3.60 4.20 3.40 
30-50 2.60 3.90 3.90 3.40 
Electrical conductivity (mmhos/cm) 
0-1 50.80 49.00 58.00 60.00 
1-10 14.00 13.10 13.10 24.50 
10-20 5.80 5.30 5.60 6.50 
20-30 4.70 4.00 4.20 4.10 
30-50 4.70 3.80 4.60 4.30 
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Table 33. (Continued) 
soil depth Nupber Çf Tgclic^tiop? 
(cm) 12 3 
Soluble salts. % (E.C.xlO"^ X 0.064) 
0-1 3.25 3.13 3.71 3.84 
l-lO 0.90 0.84 0.84 1.57 
10-20 0.37 0.33 0.36 0.41 
20-30 0.30 0.26 0.27 0.26 
30-50 0.30 0.24 0.29 0.28 
Soluble calcium olus magnesium (meg/lOO a soil) 
0-1 75.90 64.24 81.40 84.48 
1-lO 9.06 10.01 6.95 17.20 
10-20 1.26 1.44 1.44 1.63 
20-30 1.21 1.02 1.11 1.23 
30-50 1.43 1.24 1.34 1.31 
Soluble sodium (meq/lOO q soil) 
0-1 5.16 3.60 4.29 4.47 
1-lO 3.60 1.80 2.70 2.70 
10-20 4.00 4.08 4.00 4.08 
20-30 5.00 4.00 4.50 4.50 
30-50 1.86 2.40 2.10 2.16 
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Table 33. (Continued) 
Soil depth 
(cm) 1 2 3 4  
Exchangeable calcium plus magnesium (meq/lOO g soil) 
0-1 15.08 21.21 24.86 18.16 
1-lO 23.05 22.22 24.57 19.36 
10-20 If.01 20.46 22.81 18.46 
20-30 23.78 21.55 22.61 17.19 
30-50 ie.07 21.99 20.61 20.03 
Exchangeable sodium (meq/lOO g soil) 
0-1 3.14 4.10 5.06 8.30 
1-lO 0.16 2.06 0.16 0.16 
10-20 0.76 0.66 0.44 0.44 
20-30 0.94 1.20 1.20 0.80 
30-50 0.40 0.44 0.44 0.44 
Sodium adsorption ratio of soil solution 
0-1 0.84 0.64 0.67 0.69 
1-lO 1.69 0.80 1.45 0.92 
10-20 5.04 4.81 4.71 4.52 
20-30 6.43 5.60 6.04 5.74 
30-50 2.20 3.05 2.57 2.67 
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Table 34. Data of soil profiles 50 cm depth under cropping 
condition and high salinity groundwater table 
Soil depth 
(cm) 
Number of replications 
pH values 
0-1 6.06 6.19 6.08 6.03 
1-10 6.06 5.93 6.11 6.15 
10-20 6.23 6.25 6.21 6.00 
20-30 6.09 5.75 6.17 6.24 
30-50 6.43 6.45 6.54 6.52 
Air-dried .moisture content (%) 
0-1 9.20 7.00 9.90 10.60 
1-lO 7.50 5.30 4.70 5.20 
10-20 4.30 3.60 3.90 4.20 
20-30 4.40 3.60 4.20 3.90 
30-50 3.90 3.60 3.70 3.60 
Electrical conductivity (mmhos/cm) 
0-1 63.20 52.10 71.00 66.50 
1-10 41.10 28.00 21.50 22.80 
10-20 6.00 5.80 6.50 7.50 
20-30 4.90 5.30 6.30 6.80 
30-50 6.20 7.10 7.70 7.20 
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'"able 34. (Continued) 
soil depth ,f repiiçatigns 
(cm) 
Soluble salts, % (E.G. x lO"^ x 0.064) 
0-1 4.04 3.35 4.54 4.26 
1-lO 2.63 1.79 1.38 1.46 
10-20 0.38 0.37 0.41 0.48 
20-30 0.31 0.40 0.40 0.43 
30-50 0.40 0.45 0.49 0.46 
Soluble calcium plus magnesium (meq/lOO o soil) 
0-1 102.60 101.90 104.30 101.60 
1-10 26.40 27.12 28.08 27.00 
10-20 5.28 6.30 5.87 5.81 
20-30 l.nO 2.06 1.90 1.95 
30-50 1.75 1.55 1.47 1.60 
Soluble sodium (meq/lOO g) 
0-1 6.24 3.60 8.76 6.36 
1-10 4.00 4.74 2.80 2.80 
10-20 1.74 1.74 1.20 2.80 
20-30 1.20 1.54 1.54 3.20 
30-50 1.54 1.80 1.86 1.86 
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Table 34. (Continued) 
soil depth Kumbgf of rgpj.icgtigns 
(cm) 
Exchangeable calcium plus magnésium (meq/lOO c soil) 
0-1 20.00 21.24 21.18 17.72 
1-10 14.92 23.30 21.02 23.91 
10-20 22.08 22.52 21.90 20.08 
20-30 22.08 22.62 21.90 20.08 
30-50 16.03 20.70 21.60 19.40 
Exchangeable sodium (meq/lOO g soil) 
0-1 3.12 0.48 3.24 5.64 
1-lo 0.24 0.30 0.18 0.24 
10-20 0.24 0.16 0.16 0.16 
20-30 0.24 0.24 0.32 0.32 
30-50 0.32 0.32 0.32 0.32 
Sodium adsorption ratio of soil solution 
0-1 0.87 0.50 1.21 0.89 
1-10 1.10 1.29 0.75 0.76 
10-20 1.07 0.98 0.70 1.64 
20-30 1.23 1.52 1.58 3.24 
30-50 1.55 2.04 2.17 2.08 
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Table 35. Data of soil profiles 50-cm depth under fallowing 
condition and high salinity groundwater table 
Soil depth 
(cm) 
Number of replications 
pH values 
0-1 5.20 5.12 5.02 5.05 
1-10 5.37 5.21 5.09 5.30 
10-20 5.86 5.78 5.44 5.46 
20-30 6.19 5.81 5.27 5.37 
30-50 6.64 6.71 6.63 6.69 
Ai:-dried moisture content (%) 
0-1 7.00 15.60 12.60 14.30 
1-10 4.20 7.50 5.60 3.30 
10-20 3.10 4.70 5.30 3.10 
20-30 3.60 L.50 9.30 3.80 
30-50 3.60 3.10 4.00 4.20 
Electrical conductivity (mmhos/cm) 
0-1 75.70 84.50 73.90 77.40 
1-10 20.20 17.60 11.40 7.00 
10-20 6.30 5.60 5.50 5.10 
20-30 6.30 6.50 6.30 6.20 
30-50 8.80 8.30 7.40 8.50 
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Table 35. (Continued) 
soil depth Nvpiber of replica*:ions 
(cm) 12 3 4 
Soluble salts, % (E.G. x lO ^ x 0.064) 
0-1 4.84 5.40 4.73 4.95 
1-10 1.29 1.13 0.73 0.44 
10-20 0.40 0.36 0.35 0.32 
20-30 0.40 0.42 0.40 0.40 
30-50 0.56 0.53 0.47 0.54 
Soluble calcium plus macnesium (neq/lOO g soil) 
0-1 107.50 112.70 93.54 99.09 
1-lO 12.98 12.54 8.58 3.58 
10-20 2.35 2.53 2.71 2.17 
20-30 1.81 1.81 1.81 2.53 
30-50 1.78 1.80 1.98 2.l0 
Soluble sodium (meq/lOO g) 
0-1 5.06 5.70 4.20 5.60 
1-lO 6.40 3.48 3.08 1.54 
10-20 1.80 1.54 1.54 1.46 
20-30 2.40 3.16 3.06 2.48 
30-50 3.20 2.40 2.40 1.74 
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Table 35. (Continued) 
_ .. . ., Number of replications Soil depth — 
( cm) 12 3 4 
Exchangeable calcium plus magnesium (meq/lOO g soil) 
0-1 20.00 16.60 15.66 12.50 
1-10 16.62 15.16 16.06 19.42 
10-20 19.73 19.55 16.65 15.74 
20-30 20.99 18.79 17.19 18.64 
30-50 20.19 16.40 20.89 20.79 
Exchangeable sodium (meq/lOO g soil) 
0-1 1.44 1.20 0.96 0.96 
1-10 0.16 0.16 0.16 0.24 
10-20 0.16 0.17 0.16 0.15 
20-30 0.32 0.84 0.94 1.52 
30-50 0.32 0.32 0.24 0.30 
.'Jodivr adsorption ratio of soil solution 
0-1 0.69 0.76 0.61 0.79 
1-lC 2.51 1.39 1.45 1.15 
10-20 1.66 1.37 1.32 1.40 
20-30 2.52 3.32 3.22 2.20 
30-50 3.39 2.53 2.41 1.70 
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Table 36. Data of soil profiles 75-cm depth under fallowing 
condition and low salinity groundwater table 
Soil depth 
(cm) 
Number of replications 
1 2 3 4 
pH values 
0-1 5.12 5.25 5.23 5.10 
l-lO 5.44 5.52 5.22 5.37 
10-20 5.95 5.76 5.70 5.79 
20-30 5.98 5.85 5.81 5.84 
3C-AU £.92 6.13 6.02 6.33 
40-50 6.88 6.75 6.35 6.72 
50-75 7.05 7.04 7.03 7.11 
Air-dried moisture content (%) 
0-1 t .80 4.20 4.70 6.20 
l-lO ; .30 3.40 3.10 4.00 
10-20 / .20 3.50 3.20 3.40 
20-30 '..10 3.60 3.10 3.60 
30-40 4.00 3.60 3.10 4.00 
40-50 ".80 4.20 3.60 3.60 
50-75 ' .00 3.30 3.30 3.60 
Electrical conductivity (mmhos/cm) 
0-1 3!.70 22.90 34.30 33.40 
l-lO :.10 2.20 2.20 1.60 
10-20 : .90 1.30 1.50 1.40 
20-30 2.00 1.70 1.90 1.90 
30-40 2.20 2.10 2.10 2.20 
40-50 : .90 2.81 2.60 2.81 
50-75 3.70 3.10 3.30 3.20 
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Table 35. (Continued) 
soil depth Nurfcer <?f replaçâtipns 
(cm) 1 2 3 
Soluble salts. % (E.G. X lO"^ X 0.064) 
0-1 2.48 1.47 2.19 2.13 
1-10 C.13 0.14 0.14 0.10 
10-20 0.12 0.08 0.10 0.09 
29-30 0.12 O.lO 0.12 0.12 
30-40 0.14 0.13 0.13 0.14 
40-50 0.19 0.18 0.17 0.18 
50-75 0.23 0.20 0.21 0.20 
SoJ uble calcium plus magnesium (meq/lOO ç soil) 
0-1 46.46 32.06 45.12 42.82 
1-10 2.88 3.65 4.03 2.88 
10-20 3.42 2.54 2.22 3.18 
20-30 1.96 2.61 2.45 2.61 
30-40 0.98 2.28 1.96 0.98 
40-50 1.30 2.77 1.63 1.47 
50-75 1.30 1.14 2.12 1.96 
Soluble sodium (meq/lOO g) 
0-1 0.80 0.50 0.50 0.66 
]-lO 0.26 0.26 0.26 0.26 
10-20 0.53 0.26 0.26 0.30 
20-30 1.20 0.43 0.66 0.80 
30-40 1.16 0.75 1.08 1.33 
40-50 1.46 1.46 1.46 1.46 
50-75 2.04 1.60 1.60 1.60 
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(Continued) 
3niJ dprth Nunber of replication? 
(cm) 1 2 3 4 
Exchangeable calcium plus magnesium (meq/lOO g soil) 
0-1 13.24 13.83 13.44 15.93 
1-10 17.66 20.54 16.13 16.51 
10-20 l ( . r o  17.50 1.8.66 16.03 
20-30 17.25 17.26 18.43 17.60 
30-40 21 .57 18.60 18.08 20.73 
40-50 22. 21.88 22.17 23.18 
50-75 2] .r-q 22.49 21.51 20.65 
Exchangeable sodium (meq/lOO g soil) 
0-1 0.20 0.24 0.28 0.09 
l-lo 0.09 0.65 3.30 0.19 
10-20 ('.82 1.30 0.90 0.57 
20-30 0.37 0.36 0.82 0.48 
30-40 0.70 0.70 0.84 0.67 
40-50 3.80 3.52 2.28 3.10 
50-75 4.62 3.16 4.40 4.40 
Sodium adsorption ratio of soil solution 
0-1 0.17 0.12 0.13 0.14 
1-10 0.22 0.19 0.18 0.22 
10-20 0.4] 0.23 0.25 0.24 
20-30 1.21 0.38 0.60 0.70 
30-40 1.66 0.70 1.09 1.90 
40-50 1.81 1.24 1.62 1.70 
50-75 2.53 2.12 1.55 1.61 
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ibid 37. L'ata of soil profiles 75-cm depth under cropping 
cnnditior emd low salinity groundwater table 
Soil depth 
(cm) 
rCumber of replications 
1 2 3 4 
pH values 
0-1 6.11 6.31 5 .4 t  5.66 
: -10 6.21 6.40 5.92 6.04 
10-20 6.36 6.13 5.96 6.52 
20-30 6.66 6.36 6.41 6.41 
30-40 '1.52 6.61 6./6 6.31 
40-50 6.19 7.11 6.88 6.67 
50-75 6.93 6.75 6.32 6.56 
Air-dried moisture content ('-) 
0-1 4.20 4.20 6.30 5.00 
l-lO 4.20 3.90 4.20 3.60 
10-20 3.90 3.90 3.60 3.60 
20-30 3.60 3.60 3.40 3.40 
30-40 3.60 2.^0 3.40 3.40 
40-50 3.90 3.40 3.10 3.10 
50-75 3.40 3.40 4.20 3.40 
Electricica 1 conductivity (iwnhos/cia) 
0-1 8.60 4.60 39.00 27.00 
1-10 8.90 7.40 13.10 8. 80 
10-20 7.70 8.90 7.90 6.70 
20-30 7.70 8.10 6.10 5.30 
30-40 7.90 6.70 5.10 5.30 
0-50 7.40 4.20 4.00 4.00 
50-75 3.30 3.50 3.20 3.20 
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Table 37. (Contirued) 
Soil depth Nuirbgr gf repliçMion? 
(cm) 
Soluble salts. % (E.G. X 10 ^  X 0.064) 
0-1 0.55 0.29 2.50 1.73 
1-10 0.57 0.47 0.84 0.56 
10-20 0.49 0.57 0.50 0.42 
20-30 0.<v 0.51 0.39 0.33 
30-40 U.50 0.42 0.32 0.33 
40-50 . -17 0.27 0.26 0.26 
50-75 G.21 0.22 0.20 0.20 
Soluble calcium plus magnesium (meq/lOO c soil) 
0-1 e.45 5.95 7.55 6.95 
1-10 9.12 10.07 9.01 10.09 
^ 0-20 6.20 7.79 6.19 7.74 
20-30 3.59 5.05 5.05 3.60 
30-40 3.26 2.77 3.24 2.77 
40-50 5.54 0.C8 3.26 3.21 
50-75 1.30 1.30 1.30 1.30 
Soluble sodium (meq/lOO g) 
C-l 0.52 0.66 0.67 0.50 
l-]0 0.40 0.66 0.59 0.47 
10-20 1.33 1.20 1.20 1.33 
20-30 2.62 2.62 2.62 2.62 
30-40 /.76 4.08 4.08 4.78 
40-50 3.06 2.62 3.08 2.60 
50-75 2.96 2.48 2.99 2.45 
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Table 37. (Continued) 
Soil depth Number of replication? 
(cm) 1 2 3 
Exchangeable calcium plus magnesium (meq/lOO CT soil) 
0-1 24.00 23-23 13.82 14.40 
1-10 21.85 20.90 15.13 24.97 
10-20 22.52 21.10 19.73 20.54 
20-30 2] .79 19.50 18.58 18.42 
30-40 18.12 17.10 16.24 16.73 
40-50 21.32 20.27 20.46 18.76 
50-75 15.27 20.63 19.44 18.59 
£xch ancj <= at 1 r sodiur (r-eq/iOO g soil) 
0-1 2.24 0.09 1.72 1.04 
l-lO 0.35 0.42 1.65 1.80 
10-20 4.47 2.53 4.0-: 2.38 
20-30 4.04 4.04 4.74 4.57 
30-40 4.40 5.08 5.17 5.37 
40-50 .:.C4 5.71 5.67 5.67 
50-75 5.37 4.62 4.2k 4.62 
Sodiun a^sorntinn ratio of soil solution 
0-1 0.25 0.38 0.34 0.27 
l-lO 0.19 0.29 0.28 0.21 
] 0-20 0 70 0.61 0.68 0.68 
20-30 1.96 1.65 1.65 1.95 
30-40 3.73 3.47 3.20 4.06 
40-50 J . 84 3.74 2.41 2.05 
50-75 3.87 3.08 3.71 3.04 
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Table 38. Data of soil 
condition and 
profiles 75-cm depth under fallowing 
high ralinity groundwater table 
Soil depth 
(cm) 
Number of replications 
1 2 3 4 
pH values 
0-1 5.28 5.19 5.11 5.21 
1 —J 0 5.63 5.61 5.55 5.32 
] 0-20 5.83 5.72 5.77 5.66 
20-30 t.oo 6.09 6.05 5.67 
30-40 6.37 6.18 6.11 6.08 
40-50 6.54 6.19 6.07 5.88 
50-75 r.63 6.47 6.75 6.86 
Air-dried moisture content (?o) 
0-1 6.4 8.3 5.8 5.8 
l-lO 3.6 3.6 3.1 3.4 
10-20 3.6 3.1 7.5 3.3 
20-30 3.1 3.1 5.3 3.6 
30-10 3.6 3.3 5.3 3.4 
40-50 
-.2 4.7 7.9 3.6 
50-75 3.8 3.1 3.1 4.2 
Electrical conductivity (xnmhos/cm) 
0-1 37.9 54.6 39.6 33.4 
1-10 4.4 6.2 3.5 4.8 
10-20 3.4 3.5 3.7 3.1 
20-30 3.4 3.7 3.9 3.1 
30-40 4.3 5.0 5.1 3.8 
-50-50 5.5 6.2 6.2 3.4 
50-75 7.3 7.9 8.1 6.0 
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Table 38. (Continued) 
il depth Nu[nbgr of replications 
( c m )  1 2  3  4  
Soluble salts. % (E.G. X lO"^ X 0.064) 
0-1 2.42 3.49 2.53 2.13 
1-10 0.28 0.40 0.22 0.30 
10-20 0.21 0.22 0.23 0.19 
20-30 0.21 0.23 0.25 O.ie 
30-40 0.28 0.32 0.32 0.24 
40-50 0.35 0.40 0.40 0.21 
50-75 0.47 0.50 0.51 0.38 
Soluble calcium plus magnesium (meq/lOO g soil) 
0-1 58.08 58.08 62.26 53.90 
1-3 0 4.77 5.18 3.26 4.72 
10-20 3.42 3.60 3.42 4.65 
20-30 2.70 l.fO 2.77 3.42 
30-4 0 2.28 2.61 2.28 2.28 
40-50 3.10 0.98 0.65 2.45 
50-75 2.93 2.60 2.28 1.63 
Soluble sodixam (mea/lOO a) 
0-1 0.64 0.72 0.80 0.66 
l-lO 0.66 0.53 0.45 0.16 
10-20 0.46 0.46 0.66 0.26 
20-30 1.56 2.00 1 .76 0.80 
30-40 1.80 1.80 1.66 1.33 
40-50 2.28 2.48 2.48 2.50 
50-75 3.16 4.08 3.06 2.66 
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Table 36. (Continued) 
. . Number of retjlications 
Soil depth 
( c m )  1 2  3  4  
Exchangeable calcium plus magnesium (meq/lOO g soil) 
0—1 If .58 18.58 18.98 18.18 
l-lO 21.91 19.20 15.74 18.90 
3 0-2C 25.00 20.31 18.73 17.20 
20-30 19.34 19.80 19.43 1L.62 
30-40 19.50 19.93 19.76 19.43 
40-50 22.12 23.07 23.90 21.69 
50-75 23.42 23.24 23,56 24.04 
Exchangeable sodium (meq/lOO g soil) 
0-1 0.38 0.08 0.25 0.17 
1-10 0.32 0.16 0.16 0.16 
10-20 0.65 0.06 0.32 0.45 
20-30 0.58 0.32 0.24 0.38 
30-40 0.84 0.45 0.12 0.47 
^0-50 1.64 1.67 1.64 2.54 
50-75 4.74 3.82 3.60 3.3/ 
Sodium adsorption ratio of soil solution 
0-1 0.12 0.13 0.14 0.13 
l-lO 0.42 0.33 0.35 0.10 
10-20 0.35 0.33 0.50 0.17 
20-30 1  .34 2.05 1.50 0.61 
30-40 1.69 1.58 1.55 1.25 
40-50 1.83 3.54 4.35 4.39 
50-75 2.61 3.58 2.87 2.95 
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Table 39. Data of soil profiles 75-cm depth under 
condition and high salinity groundwater 
cropping 
table 
Soil depth 
(cm) 
Number of rmolications 
1 2 3 4 
pH values 
0-1 5.95 6.18 5.62 5.63 
l-lO 6.32 6.17 6.03 6.08 
10-20 6.58 6.5l 6.34 6.33 
20-30 6.80 6.70 6.56 6.70 
30-40 6.43 6.54 6.63 6.40 
40-50 5.80 6.06 5.97 5.95 
50-75 6.76 5.30 6.46 6.22 
Air-dried moisture content (?0 
0-1 4.2 3.1 4.7 5.8 
1-10 •\.l 4.2 4.4 4.0 
10-20 4.4 4.4 4.7 3.6 
20-30 3.6 4.2 4.4 3.6 
30-40 4.2 4.4 4.2 3.6 
0
 
1 Ul
 
o
 
4.1 4.2 3.6 3.6 
50-75 3.C 3.6 3.6 3.4 
Electrical conductivity (mmhos/cm) 
0-1 14.50 6.10 19.60 42.00 
l-lO 13.40 4.20 10.10 12.30 
10-20 8.80 4.10 9.00 7.70 
20-30 7.50 4.50 9.00 7.70 
30-40 7.50 3.60 10.80 5.50 
40-50 8.80 4.70 7.80 6.80 
50-75 10.60 9.00 9.10 7.50 
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Table 39. (Continued) 
Soil depth 
(cm) 
Number of ret) 1 ications 
1 2 3 A 
Soluble salts. % (E.G. X 10 ^  X 0.054) 
0—1 0.93 0.39 1.25 2.69 
l-lO 0.86 0.27 0.65 0.79 
10-20 0.56 0.26 0.58 0.49 
20-30 0.50 0.29 0.58 0.49 
30-40 0.50 0.23 0.69 0.35 
40-50 0.56 0.30 0.50 0.43 
50-75 0.63 0.58 0.58 0.4S 
Soluble calcium plus magnesium (meq/lOO g soil) 
0—1 28.62 26.53 24.77 44.22 
1-10 15.36 5.76 10.94 14.44 
10-20 5.88 4.45 6.84 6.04 
20-30 4.08 4.73 5.22 4.56 
30-40 4.08 4.53 4.24 4.56 
40-50 4.56 3.75 1.96 3.26 
50-75 4.40 3.42 3.42 2.60 
Sol' ble sodium (moq/lOO g) 
0-1 1.20 0.66 1.20 2.92 
j-10 3.00 0.26 0.6F. 2.56 
10-20 1.60 1.00 1.76 0.68 
20-30 2.96 0.80 2.62 2.38 
30-40 2.62 1.33 4.08 3.16 
40-50 5.44 1.94 4.76 5.44 
50-75 4.76 3.16 4.0C-. 3.26 
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Table 39. (Continued) 
rioii deptri 
(cm) 1 2 3 4 
Exchangeable calcium plus magnesium (meq/^lOO a soil ) 
0-1 20.00 17.87 16.13 17.48 
1-10 21.12 20.93 18.05 20.45 
10-20 23.35 21.04 21.55 21.85 
20-30 22.31 21.9f 21.00 20.66 
30-40 19.30 21.36 19.98 19.82 
zo-50 20.26 23.11 22.15 21.39 
50-75 23.14 22.59 21.91 22.05 
Exchanceable sodium (meq/lOC g soil) 
0-1 0.36 0.50 0.76 1.84 
.1-10 1.1^ 0.32 1.00 0.82 
10-20 1.93 0.76 1.00 1.32 
20-30 1.30 1.43 4.04 2.27 
w
 
o
 
b
 
4 .04 1.67 2.58 0.84 
40-50 1 .99 2.06 3.14 2.46 
50-75 3.14 4.74 3.83 4.74 
Sodiun adsorption ratio of soil solution 
0-1 0.39 0.36 0.34 0.57 
1-10 1.08 0.15 0.28 0.95 
10-20 0.93 0.67 0.75 0.39 
20-30 2.07 0.52 1.62 1.57 
30-40 1.03 0.88 2.80 2.09 
40-50 3.60 1.41 4.80 4.26 
50-75 3.20 2.41 3.12 2.77 
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Table 40. Salt solution (SAR=11) added to maintain the 
constant groundwater level under cropped and 
fallowed conditions with the groundwater table 
at 50 cm 
Liters of salt solution^ 
Day Cropped soil Fallowed soil 
0 (6-19-1977) 21.67 11.16 
3 7.54 7.42 
4 6.89 7.42 
5 3.77 5.59 
8 3.77 7.42 
10 0.00 5.59 
11 0.00 3.70 
18 3.77 3.70 
23 6.60 3.70 
32 15.08 5.59 
37 3.77 2.79 
42 6.60 1.85 
54 9.42 3.72 
72 7.54 1.85 
82 9.42 3.70 
93 7.54 3.70 
109 7.54 3.70 
126 7.54 3.70 
144 (11-3-1977) 7.54 3.70 
Total 136.00 90.00 
^Average of 4 replications. 
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Table 41. Salt solution (SAR=ll) added to maintain the con­
stant groundwater level under cropped and fallowed 
conditions with the groundwater table at 75 cm 
Liters of salt solution^ 
Day Cropped soil Fallowed soil 
0 (5-19-1977) 20.74 9.77 
3 9.43 5.51 
4 3.13 5.51 
5 3.77 4.88 
8 3.77 5.51 
10 0.00 4.88 
11 0.00 3.25 
18 3.77 3.25 
23 5.60 3.26 
32 15.81 4.88 
37 3.77 2.44 
42 9.43 1.53 
54 7.54 3.25 
72 7.54 1.53 
82 7.54 3.25 
93 7.54 3.25 
109 7.54 3.25 
125 7.54 3.25 
144 (11-3-1977) 7.54 3.25 
Total 133.00 78.98 
^Average of 4 replications. 
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Table 42. Salt solution (SAR=25) added to maintain the con­
stant groundwater level under cropped and fallowed 
conditions with the groundwater table at 50 cm 
Liters of salt solution^ 
Day Cropped soil Fallowed soil 
0 (6-19-177) 20.74 15.35 
3 9.94 12.77 
4 7.79 7.65 
5 13.20 10.22 
8 6.11 10.22 
10 3.77 5.10 
11 7.79 5.10 
18 4.71 2.55 
23 4.71 2.55 
32 15.08 7.65 
37 18.85 1.28 
42 6.60 5.10 
54 7.54 2.55 
72 18.85 2.55 
82 11.31 5.33 
93 15.08 5.40 
109 16.96 2.53 
126 9.43 2.55 
144 (11-3-1977) 7.54 2.55 
Total 206.00 109.00 
^Average of 4 replications. 
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Table 43, Salt solution (SAR=25) added to maintain the con­
stant groundwater level under cropped and fallowed 
conditions with the groundwater table at 75 cm 
Liters of salt solution^ 
Day Cropped soil Fallowed soil 
0 (6-19-1977) 20.74 8.38 
3 11.31 7.00 
4 0.00 4.20 
5 11.31 22.36 
8 4.71 22.36 
10 0.00 2.79 
11 0.00 2.79 
18 11.31 1.43 
23 15.08 1.43 
32 18.85 4.40 
37 5.66 0.70 
42 7.54 2.79 
54 10.20 1.43 
72 11.31 1.43 
79 3.77 0.00 
82 10.20 2.79 
93 11. 88 1.43 
99 3.77 0.00 
109 7.50 1.43 
126 9.43 1.43 
144 (11-3-1977) 9.43 1.43 
Total 184.00 92.00 
^Average of 4 replications. 
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Table 44. Average dry matter of sudangrass produced under 
the different treatments 
Soil depth Groundwater Average dry 
(cm) SAK matter (g) 
50 11 15.75 
25 25.25 
75 11 
25 
28.88 
36.63 
